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PRODUCTS that are 


improving the efficiency and speeding 


production in American industry 


USG" Brushes ore evail- 
able in production or re- 
plecement lets in carbon, 
carbon - graphite, electro- 
graphitic, pure graphite 
ond metaigraphite grodes 
for all types of rotating 
electrical equipment 


GRAPHITAR (carbon-graphite) is o 
versatile engineering material of 


carbon-graphite composition offered 
in many grodes for beorings, seals, 
piston rings, pump venes, thrust 
wathers. valve seats, pistons, bush- 


Metallurgica! graphite 
grodes for carbon control 
in iron ond steel melting, 
mold coctings, het top- 
ping compounds. Cordip 

Mexcloy for refrectory 
mixtures ond other MEX- 
ICAN products 


GRAMIX". Sintered-meto!l beorings, geers, 
coms. shides, rollers, bushings ond machine 
ports oveilable in ferrous and non-ferrous 
elleys. The mete! with the built-in twbri- 
cation 


OUR 101ST YEAR 


THE UNITED STATES GRAPHITE COMPANY 


DIVISION OF THE WICKES CORPORATION © SAGINAW, MICHIGAN 
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University of Wisconsin in 1953, this these: torch brazing, twin-carbon 
ORDER YOUR BOOKS THROUGH volume includes reports by 31 con- brazing, furnace brazing, induction 
AIME—Address Irene K. Sharp, Book tributor the present status of the brazing, resistance brazing, block 
Department. Ten per cent discount itilization of lar energy. Space brazing, and flow brazing. An ap- 
given whenever possible. Order Gov heating, power plant large scale pendix in chart form lists properties 
ernment publications direct from the furnaces, and a wide range of other of brazeable metals and alloys, and 
agency concerned ist f lar energy are discussed in for the first tume brazing fluxes and 
the 1] tions into which the book atmospheres are standardized into 
livided. A bibliography is included types according to their compositions 
How to Train Engineers in Industry grap YE 
Re . 4 and uses 
Execu ‘ 1 Su y Ne 
Reference Book, by Colin J 
2 of 1955—Ar Buby. Industrial and Manufacturing Chem- 
f ‘ xperience of re ; eon ) 1955—A nver istry, 3 vols., Philosophical Library 
the opinion aw af Inc., $50.00, 1955. Part I, Organic, by 
ent and comprehensive summar 
the a] echani G. Martin, sixth edition, revised by 
field. It ; mong other , oe jata relating to E. I. Cooke, 752 pp. Part Il, (vol. 1, 600 
ar etallurgy and metal physics. In pp., vol. 2, 491 pp.) Inorganic, by G 
i + : tion. new values have Martin, sixth edition, revised by W 
aha Francis Volumes embrace both 
beer it where more recent 
’ American and British practice and 
ind re ible information has become 
Solar Energy Research, edited | , ctions have been cover the whole range of subjects 
i ar John A 9% with which the industrial chemist 
g elastk properties = 
ty Wiscor and manufacturer is concerned. This 
i imping capacity physical 
$4 “ } Based ir , i work is intended to meet the re 
lten salts, and fric- 
at r D tnt ae quirements of all businessm inter- 
Presentation is largely in tab- 
Pie with brief monographs in- ested in chemical processes, of man- 
id not ufacturers, consulting chemists, pat- 
| 7 } ; ately giver ent workers, technical lawyers, and 
PROFESSIONAL SERVICES : . fire insurance inspectors. Much of 
mited to AIME members. or to com the information is published in book 
panies thet hove ot least one AIME Progress in Low Temperature form for the first time, and many of 
member on their staffs. Rates $40 per Physics, by C. J. Gorter, Vol. 1 the descriptions of new processes 
yeor per inch Interscience Publishers In $8.75 and modern plants were privately 
55—Eighteen papers by obtained through the courtesy of in- 
alists present concise ijustrial chemists and of leading 
DR. B. EGEBERG irve f various aspects of the firms in Europe and America. Sta- 
| | three r n field nvolved nagnet- tistics are ¢ ature of the book ; 
properti f liquid helium, and well as a comprehensive index 
Bibliographic Survey of Corrosion, 
Meriden. Conn Pp 1950 to 1951, National Assn. of Cor- 
sing ‘ na in condensed 
gase rosion Eng neer $12.50 (members 
enomena in gases $10.00). 435 pp 1955—This compila- 
ented nere mbined tio of yet ts is ¢t ourt 
Ledoux & COMPANY ion of 4454 abstrac he f urth 
in a series covering 1945 to 1951. As 
SHIPPERS REPRESENTATIVES eT he extensive DiDlLOgrapnit in previous volumes, the abstracts 
159 Alfred Ave fennesh, New Jersey are arranged by specific subdivisions 
MAX STERN ty f fetals, $8 703 pp 
Consulting Engineer } Owing to the increasing inter- environments, preventive measures, 
Recow nd est is eryllium a group of ASM materials of construction, equip 
wrecking Moderm zat ' Plonts nf nee pape together with ment, and industries. An author in- 
Ferro Nonferrous siditional material has been lex and a detailed subject index 
Mer 
“= ' edited to provide an overall refer- complete the volume 
| 149 Broadway New York 6, N.Y ones wok on the subject. The sev- 
pter leal with the impor 
.phical Library Inc., $6.00, 167 
H. L. TALBOT tion of the ors fabrication of the oan : 
~ : pp., 1955—Presents in a concentrated 
meta properties metallography 
Consulting Metallurgical Engineer for the electrotechnical basis of 
and cermets, heait! 
tant 
Room 330, 84 Stete Boston 9, Moss 


Brazing Manual, by Committee or prehensive lis 


DR. E. TSUTSUMI Bra g and Soldering, American given. The second part of book 
Registered Japenese Patent Attorney & we ng Society, Reinhold Publish- gives a complete guide to nana- 
Met grco! Consulting Engineer y Corp., $4.75, 193 pp., 1955—This ling of circuit problems ature 

t k makes available a mpilation is the collection of network theorems 

f all techr 4 nformation on helpf il for those who work out elec- 

Cc. P.O. Gen 1545 Tekyo, Jepen the eight Orazing prt trical quantities in all types of cir- 
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ieal th ndu n and agnetic 
$ nd electric field effects, and a com- 
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United States Steel's Edgar Thom- 
son Works in Braddock, Pennsy!l- 
vania, needed new and heftier crane 
equipment to handle larger ladles 
One requirement was four new crane 
trolleys which were to operate on the 
same bridges, if possible, and in 
exactly the same clearances as before. 

The trolleys had to be stronger but 
no larger than before; so ordinary 
steel wouldn't do. Needed, was a 
steel of exceptional strength which 
could be welded easily. Lots of alloy 
steels could have met the strength 


UWITED STATES STEEL CORPORATION, PITTSBURGH 
TEMWESSEE COAL & IRON DIVISION, FAIRFIELD, ALA 


USS 


SEE THE UNITED STATES STEEL HOUR 


ecomes 


requirements; but USS “T-1” Steel 
was the only steel that could supply 
not only the required strength, but 
good weldability as well 

“T-1" Steel plate—in %,” and 1” 
thicknesses—was used in box girders 
and lateral stiffener plates of the 
trolleys. This change increased the 
crane capacity from 50 to 85 tons 
with no increase in size 

The structure was welded with 
AWS E12015 electrodes. It was as 
easy as welding carbon steel. No 
stress relief was needed. And the 


welds developed the full yield 
strength of the steel: 90,000 psi 
minimum 

Remember this story when you 
must weld very high strength parts 

parts that must operate at tem 
peratures as high as 900° F. or as low 
as 40°F. below zero, parts that must 
withstand tremendous impact abuse 
abrasion or tensile stress. Then con 
sider USS “T-1" Constructional Al 
loy Steel. For full particulars writ 
United States Steel, Room 4842. 
Pittsburgh 30, Pa 


COLUMBIA-GEWEVA STEEL DIVISION, SAW FRANCISCO 
UNITED STATES STEEL SUPPLY DIVISION, WAREHOUSE DISTRISUTORS 


it's a full-hour TY progrom presented every 
other week by United Stotes Steel. Consult your local newspaper for time ond station. 


CONSTRUCTIONAL ALLOY STEEL 


= 
i 


Industrial Notes 


* No. 3 blast furnace of the Sharon will have the majority interest in © Technical data and tooling in- 


Steel Corp. is now equipped with the company and will supply the formation on the production of 
high top pressure blowing. In addi- supervisory and technical manage- aluminum parts on automatic screw 
tion, a modern gas washer was in- ment. The plant will be operated machines is described in a booklet 
stalled to eliminate dirt and dust largely by Peruvian personnel published by Kaiser Aluminum & 
discharged into the air during vari- Chemical Sales, Inc. Drawings and 
ous periods of furnace operation. © Aid in solving critical metallurgi- illustrations show proper tool angles 
These improvements in the furnace, cal problems may be found in a for machining the various aluminum 
costing in excess of a half million booklet on the vacuum melting proc- alloys suitable for screw machines. 
dollars, will increase Sharon's iron ess published by the Utica Drop Tables cover speeds and feeds for 
capacity. Forge & Tool Corp. Utica has been cutting, skiving, cut-off, drilling, 

— in volume production of vacuum reaming, boring, counterboring and 


melted alloys for months and the trepanning, recessing, box tools and 
information and experience gained hollow mills, threading, thread roll- 


© A publication How Zine Con 


af is of interest to all concerned with ing, cross slide knurling and turret 
products & metallurgy and product design. A knurling. Available on request from: 
sete ieee g harts, and photo free copy can be obtained from: Technical Editor, Kaiser Aluminum 
graphs together with brief comments Fred Hale, Utica Drop Forge & Tool & Chemical Sales, Inc., 228 N. La- 


eA newly revised booklet, Tool 


yatings, zinc pig- 


® New stainless steel design hand- 


t nd in te alten Steels for the Non-Metallurgist Js 
‘ liv. H. K. Porter Co. Inc.. covers available from the Crucible Steel Co 

ne, and jing applications of lot rt wifes of America. Written to present a 
eview Copies can be practical understanding of tool steels, 

wit? harge from: Amer the text describes the six basic class- 
un Z tute, In E. 42nd "Fitle ifications of tool steels and the nu- 
t, N. of merous grades within the general 
© Thoms Product Ine Cleve- of Staink Steels. and it includes classifications. Heat treating tech- 
nd. } t ed t sum meta properties charts, size and weight niques are described and pertinent 
y for hel leveloping neu charts, and other tabular data to information - oo = Hy ne 

at thot 7 . help the design engineer select the tables. Copies can be obtained from 

ting comy right grade of steel for a particular Advertising Dept , Crucible Steel Co 

, » is directed welication. For a free copy write of America, P.O. Box 88, Pittsburgh 

he improvement of to: E. H. Mann, alloy metal wire 39 Pa 

H. K. Porter Co. Inc., Prospect © American Iron & Steel Institute 

Park, Pa has issued a section of the Steel 

oresent difientt Works of U.S. Steel Corp. Steel: Semifinished: Hot Rolled and 

, arebles hes celebrated its 75th Anniversary Aug- Cold Finished Bars. The booklet 

y ist 17 to 18. Construction of South includes chapters on products and 

4 a Works, the idest steel pliant in manufacturing processes blooms 

. on-W } actorie Chicago, began on Mar. 22, 1880 billets and slabs, hot rolled bars 
j ate nstruction of Steelmaking operations began Mar cold finished bars, quality descrip- 
: f t unt in Lima, Peru 26, 1881, employing about 2000 per- tions and test, chemical ranges and 
‘ ted t urbison-Walker in , Now more than 14,000 persons limits, H-steels, and general infor- 
Known a work at the plant and it ranks as the mation on alloy steel. Information 
; Peruan S.A are third largest steel mill in the world on the manual can be obtained from: 
Pa p. and Miguel with a capacity of 5% million ingot American Iron & Steel Institute, 350 


Muelle i H n $ a yea 5th Ave., New York 1 


Coming Events 


pt atime Subs. 18-14, Engineers Council fer Prefes- Oct. S1-Nev. Nations! Lubricating Grease 
sional Development, annual meeting, King Institute, annual meeting, Edgewater Beach 
6-8 Machis Teel Show i Hote t Canada Hote 7; 
opt Wester Area Development Confer Oct. 14-15, National Sectety of Prefessional Nev 1-5, Werld Sympesiom on Applied Solar 
Engineers fa neeting Peabody Hote! Energy, Westward-H *hoent 
pt clain Inetitete New 4 AIME. P*ttebureh Lx Section a 
Oct 1 AIME fa eeting. Adei the-record meeiing. Pittsburgh 
el, adelphia 
= 
Sept Oct. 13-81, National Metal Expesition and wes. a Management Sectety. 
Sept AIMeE { t Oct. National Safety Congress and Ex 
fot bus position rad Hilton, Congress, Morri Now. 13-18 annual meeting, Congress 
nd LaSalle Hotels. C? Conrad iltor and Sheraton-Blackstone 
Sept AIME Hotels, Chicag 
af Oet Nathenal Netee Abatement Sympeo 
Sept American Inetitete of Chemical stom, A Research Foundation, Illinois Nev. 16, AIME, NOHKC Western Sectior 
Enginerrs : Lake | 1 titute of T ay. ( « Rodger Young Auditorium, 936 W. Wash 
ngtor los 
Sept 06-80, Atomic Industrial Feram Oct 24-25, Steel Founders Seciety of Amer 
Nhe a eeting. Greenbrier. White Sul New 17-18 American Seciety fer Quality 
ot S; Centrel, mid-west conference. Schroeder 
N Wers ve Hote!. Milwaukee 
on Oct. 14-29, Sectete Francaise de Metallergic 
etallurgica meeting Paris Nev. 28-Dee 1. Alr Conditioning and Refrig- 
eration Institute, ¢xposition Auditorium 
O«t eet and tlantic Cit 
tine ws M Oct. 17-28, National Cenference on Industrial 
ales Hote Hydraulics. a sal meeting. La Salle Hotel Dee 10-16, Internations! Atemic Exposition 
oa. Cleveland Public Auditortur Cleveland 
ference. Hote hbewhouse, Salt Lake Oct. 27-29, AIME. Ind Min Dir fall meet Feb. 20-23, 19546, AIME. annual meeting. Stat 
ty ng. Hotel Charlotte, Charlotte ler and New Yorker Hotels. New York 
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A new Front End Plate Camera is optionally available and will 
fit any existing EM-100 Microscope. The film cassette holds 
either five 354" x 4° glass plates or six 4° x 5° cut films. Direct 
micrographic recordings may be made at magnifications up to 
100,000 diameters. A film counter is included to prevent double 
exposures. A single-action lever speedily removes the cassette 


from the field while automatically changing the film. 


A new 20 Angstrom lens is likewise adaptable to all existing 
EM-100 Microscopes. The new lens utilizes a short focal-length 
objective which has been designed for interchangeability with 
previous lenses for applications requiring the highest possible 


definition. 


The Wide-field Adaptor, operated through a footswitch, enables 
the operator to select any given area of a specimen under reduced 
magnification and instantaneously return to high magnification 


for the area selected. 


A Binocular Microscope is available which positions in front 
of the circular viewing screen. The microscope is equipped with 
objective lenses permitting either 3.5 or 7x magnification and 
aids in determining sharpest possible image focus. When removed 


it serves as a microscope for specimen preparation. 


By efficient planning and scientific combination of facilities, ad- 
ditions are being constantly made to the existing basic EM-100 
design, thus maintaining its reputation as outstanding in fune- 


tional electron microscope design. 


The Philips EM-100 Electron Microscope first introduced smart 
comfortable styling with all operating controls accessible for 


convenient use. Four significant improvements provide added 


features unmatched by any other electron microscope. 


increased field size permits Front end plate camero offers 
simple area selection 100,000X film magnification 


Release of footswitch returns Removeable microscope also aids 
high magnification in specimen preparation 


Serving Science @ 


and Industry 


COMPANY, INC. 


750 Sevth Fulton Avenue, Mount Vernon, N.Y 
In Caneds Rogers Majestic Electronics Lid. 11-19 Brentctiffe Reed. Leaside Tor 
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SENIOR 


ENGINEER 


Metallurgicel Research 


‘EI 


GENERAL ELectRic 


POSITIONS OPEN 


Metallurgical Engineer, BS. de- 
gree ing with experience, for 
actior yuality control) and de- 

elopment work in the field of 

elte aterials. Steel mill 

experience knowledge of high 

temperatu le ed but not 

me equirement. Location 
York State. W1962 


Plant and Sales Managing Engi- 


neer for sn | nonmetallic crushing 
ind bagging plant treating 
hentonite. Sala $9600 a year. Lo- 
ition, Wyoming. W1944 


Mineral Dressing Engineers, grad- 
te etallurgical engineer? with 
experience 


yeal 


METALLOGRAPHER 


Young graduate metoallur 

t with oat least one to two 
yeors experience in madustry 
Nonferrous experience de 


lutely 


ble hut not 


essential. VVe are willing to 
train ¢ me extent, pro 
vided the applicant possesses 
tne nece ry jualificati wis 
Tr n ffers on out 
tanding pportunity for 
1dvoncement na growth 
with on expanding organiza 
tior In reply please furnish 
ful porticulars regarding 


nd experience 
quirements 


background 


tate re 
Direct ret iy t 
Employment Supervisor 
KAISER ALUMINUM & 
CHEMICAL CORP. 
Trentwood Works 
spokane 69, Washington 


METALLURGISTS 


The Reseorch and Development Division of 
western Pennsylvania, has severo! 


Supervisor Magnetic Materials Research PhD 
or development of magnetic materia. 


experience in research 


be with powder metallurgy tech 


yt high permeability matenals as well as permanent magnet materials 


Silicon Stee! Research Supervisor 


Skilled im research methods 


Research Metallurgists: 8S. degree or higher 


search or development of metals and alloys 


duct research and development progroms 


Associate Metollurgists: 
research in metals 


in metallurgy o 
ence 
prehension of metallurgical processes 


Send complete resume giving educational background experence, and salary desired to 


Box J.25M 
29 West 39th St 


penings for qualified personnel 


Degree in metallurgy or physics, plus 5 years’ mini 
mum experience in research of development of steels for the electrical industry 
report writing and metallurgical processes 


Skilled im research techniques 


ao large specialty stee! monutocturer, in 


plus 5 yeors 
Should 
niques and the masufacture and testing 


in physics or metallurgy 


plus 5 yeors’ minimum experience in re 
Requires ability to outline ond con 


plus 4 yeors minimum experi 
report writing, and com- 


physics 


AIME 


New York 18 
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in mineral dressing or process metal- 
Company operates an AEC 
laboratory Salary commensurate 
with experience and training. Loca- 
tion, New England. W1924 


iurey 


Metallurgist or Metallurgical En- 
gineer, recent for 
facturing researct 
progressive steel 
Opportunity to do applied research 
and pilot plant work on metallurgy 


graduate manu- 


laboratory of 
company 


castings 


of cast steels, development of new 
molding techniques and casting 
sing methods. Apply by letter 
ating educational background 


status and experience 


Midwest. W1912C 


military 


Location 


Chemist familiar with 


spectrography and has had some ex 


who is 


METALS RESEARCH LABORATORIES 


Technical Personne! Requirements 


RESEARCH ENGINEER: 


hemical engineering 
extractive metoliurgy for duti« ‘ 
ssed nm the techr ‘ ex 
tremely pure metal compounds and 
th ubse tr act to met 
The « neer w hove respor 
bility for bench ale ¢ 
c work m unit perotior uch 
eoct ch not dist 
tion melting high-temperature 

ace vent xtr tior 
4 nm exchor A} ty nm pre 
minory design Gesirabie end 
re educot experience 
and salary expectations ¢ ML 
Ba Met Reseorch Loaborotorie 
f the Electro Metallurgical Com 

PO 58 Fe 


RESEARCH ENGINEER OR RE- 
SEARCH METALLURGIST: SD 
or MS. in mineral engineerin 


enginee 


juct reseorcn € 


methods of minero 


ess ond f 
ewly ted et es w be re 
quired ng with supervision of 
tic research ror m mn com 
it flotatior totic 
nd magnetiu separation melting 
ther unit peration 
A nt must have demonstrated 
, ty f nitiating and directing 
ne nm th field ‘ 
expe work ne 
minero 4r¢ «fr tive met 
irgy. Two to tt exper 
ence os ngineer 
rob ume ‘ 4 ation 
experen 5 xpectation 
M Meto Reseorch 
Laboratories of the Electro Meta 
si C een 
rgical Come P.O. Box 580 
5 Jew York 


perience with physical testing and 
metallurgy, to supervise a small 
laboratory and expedite production 
Salary open. Location, Long Island, 
N. Y. W1867 

Process Development Metallur- 
gist. Must have background in melt- 
ing metallurgy or physical chemis- 
try of metals required. To lead pro- 
gram of process development in- 
volving molten metal reactions, 
melting thermodynamics, effects of 
soluble gases, etc for vacuum 
melted temperature and spe- 
cialty Well equipped pilot 
plant supporting laboratory 


high 
alloys 
and 


facilities available. D1136 
Metallurgist, who specialized in 
thermic treatments and processing 


the manufacture of 
ammunition. Salary 
open. Location, South. W1810(b) 
Welding or Metallurgical Engi- 
neer, 30 to 45, to supervise develop- 


of metals for 
armaments and 


ment projects and preproduction 
work on advance turbojet engine 
parts and components. Must have 


fusion and resistance 
steel, super alloy, 
Salary, $6000 to 


experience in 
welding of stainless 


and titanium alloy 


$9000. Location, Ohio. C3469 
TITANIUM 
apital available for research into 
the reduction * titonium ores 
Please submit bockground experi 


ence 


Box J-26M AIME 
29 West 39th St New York 18, N.Y 


GALVANIZING METALLURGIST. 


Immediate pening with a fully in 
tegrated steel mill in the Pittsburgh 
for a technical groduote 
with experence im continuous gal 
vanizing Will supervise metol 
urgicol function of the line in 
cluding all phoses of process and 
quality contro! ond customer tech 
nical service Please reply with 
compiete resume tf bockground 
and solary requirements to Director 


Services, Jones & 
Laughlin Steel Corporation, Pitts 
burgh 30, Pa 


f Technical 


PROCESS DEVELOPMENT 
METALLURGIST 
Challenging new supervisory 
position in expanding Re- 
search and Development De- 
partment. Technical investi- 
gation and evaluation of new 
or improved processes for 
smelting, refining, and proc- 
essing Metallurgical or 
chemical engineering back- 
ground with advanced scien 
tific training in process met- 
allurgy Attractive salary 
Address reply to Director of 

Technical Services 

JONES & LAUGHLIN STEEL 
CORPORATION 
Pittsburgh 30, Pa. 


Supervisor Minerals Beneficiation, 


metallurgical or mining engineer, 
up to 45. Must have had at least 
four years experience in mineral 


beneficiation work, and knowledge 
of metallic and nonmetallic mining 
Will develop and direct minerals 
beneficiation program, and formu- 
late policies regarding minerals and 
encourage use of these services by 
operating divisions. Salary, $7500 to 
$12,000 a year. Employer may nego 
tiate placement Considerable 
traveling. Location C3310 

Engineers. (a) Sales Metallurgist, 
precision castings, with metallurgi- 
eal background and be 
with needs of industry in the pre 
cision casting field; able to initiate 


fee 
Chicago 


sales policies and promotion of new 
ideas in this industry. Salary open 
b) Foundry Metallurgist, to take 
charge of all foundry operations of 
investment casting company, expe- 
rienced with ferrous and nonferrous 
alloys and, if possible, with high 


vacuum technique; capable of in 
itiating alloy development pro- 
grams. Salary open. Location, Mid- 
west. W1835 


Field Engineer, metallurgy, 25 to 
35, for smelter of precious metals 
Must have at least two years expe- 


rience in heat treating, brazing or 
welding. Knowledge of electronics 
helpful. Salary, $4200 to $6000 a 
year. Employer will pay placement 
fee. Location, Chicago. C3407 


are you p 


formation of the detrimet 


this can be more easily a 


TAM, as a principal si 


Titanium, ts equipped to 


be of value to you 


Why nor write our New 


nical information as well 


PRO 


hee 


NATIONAL 


111 Be 
General Office 


Work 


Niagara P 


321 STAINLESS STEEL 


Titanium Stabilized 


low aluminum residual in this steel tends to lessen the 


low carbon Ferro Titanium which is low in Aluminum 


ipplier of low carbon Ferro 


broad experience in the application of LCFT may also 


TAM 


TITANIUM ALLOY MFG. DIVISION 


Executive and Sale 


acdway 


roducing 


ital Sigma phase 


complished by the addition of 


sup} ly your requirements Our 


York office for the latest tech- 


as prices and deliveries. 


DUCTS 


LEAD COMPANY 
hee 
New York City 


and Research Laboratories 


New York 


aiis 
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t for the well-defined uses in which it surpasses 


UNGST EN : all other materials. Processed in the U.S. A.. MCA 


Tungsten offers a consistently uniform product 


‘er neste 

Ferro-Tungsten assuring excellent results 

Tungstic Oxide As recognized authorities in the application of 
, Molybdenum, Tungsten, Boron, Rare Earths, and 
ungstic Aci f the alloys and chemical elements of these mate- 


ials| MCA assures confidential and immediate 


Ammonium Para-Tungstate 
response to inquiries 


odium Tungstate An informative book, entitled “Tungsten 
Steels’, has been prepared by the Molyb- 

Tungsten Metal Power 
& denum Corporation. It deals with both 
scientific and practical considerations, and 
. t ten high-speed steel can be sup- recommends procedures found to yield best 
ee i manufactures have returned to results. A copy will be mailed on request 


MOLYBDENUM 


CORPORATION OF AMERICA 
Grant Building Pittsburgh 19, Pa. 


Offices, Chicago, Clevelond, Detroit, Los Angeles, New York, Pittsburgh, Son Francisco 
Soles Reprecsentotives: Edgor |. Fink, Detroit, Brumley-Donoldson Co. Los Angeles, San Francisco 
Subsidiery, Clevelond-Tungsten, inc. Cleveland, Ohio 
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The forgings illustrated are typical of the large Aluminum Alloy Airplane 
parts in current production on the heavy presses of Wyman-Gordon. 


A new era in the art of forging has been demon- WYMAN GORDON Co 
strated as production goes forward on this 35,000- ” . 


ton closed die forging press. Larger forgings with Established 1883 

thinner sections and closer tolerances than here- FORGINGS OF ALUMINUM * MAGNESIUM 
tofore possible open new concepts in forging STEEL * TITANIUM 

design. Wyman-Gordon continues to pioneer by WORCESTER 1, MASSACHUSETTS 
~— Keeping Ahead of Progress. HARVEY,ILL. © DETROIT, MICH, 
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ELECTRIC 
MELTING FURNACES 


Largest 
Furnaces 


NSTALLED in the ultra-modern mill of McLouth Steel 
I Corporation, in Detroit, these giant 200-Ton Heroults 
are the largest electric melting furnaces ever built. With 
an inside shell diameter of 246", they have a rated 
charge capacity of 400,000 pounds, and each is designed 
for efficient operation on 25,000 to 33,000 KVA trans- 
former capacity. Featuring a swing-type roof, these fur- 
naces are equipped with the finest, most up-to-date 
mechanism and electrical controls available 

McLouth’s adoption of electric furnaces of this size 
sets a precedent. It is a “first” which should conclusively 
prove that, in addition to closer control, higher uni 
formity, better performance, and greater safety, large 


now 


capacity Heroult Electric Furnaces are an economically 

sound investment—even for high tonnage steel-making 
We welcome an opportunity to help you select and in 

stall the furnace best suited to your particular require 

ments. 

ASK FOR NEW CATALOGUE. Contains latest information on 

modern electric furnaces—types, sizes, capacities, rating, 


etc. Write Pittsburgh Office for free copy. 


AMERICAN BRIDGE DIVISION, UNITED STATES STEEL CORPORATION 
GENERAL OFFICES, 525 WILLIAM PENN PLACE. PITTSBURGH, PA 
Comtrecting Offices in Mew York, Philedeiphie, Chicage, 
Sen Framcisce and other principe! cities 
United Stetes Stee! Expert Company, Hee York 
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S' ARTING salaries for beginning engineers con 
tinue to ir ease ccording to figure mpc 


‘ 
t t of Lechm Tat athe 
how nat tartir pay of the 55 Jure ngi- 
re aduate with a B.S. degres mbed to $381 
‘ t} my ed he ece ed by the 
454 iduats Tt f wir table ves the 
i figures for IIT engines 
Average Beginning Solory Figures For Engineeers 
in Dollers Per Month 
Field June 1054 Jene 1955 
4 
‘ 
‘ 
1 K WeeK and 
tude t 
mime bs during 
frend jlemonstrated 
¢ 
ind ij 
‘ 
hat net and 
sate ttir 
IIT 
bartis 
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Proof loading im tension of an oircroft arresting hook is 
performed on @ 440.000 ib Baldwin universal testing mo 
chine ot Axelson Mig. Co. Convos pontaloons protect ten 
sion members of mochine from dirt sifting in from the 
foundry next door 
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N THE space of a half dozen years, lithium has 
grown from an almost obscure chemical element 
to a multimillion dollar business. Production facili- 
ties are being expanded to startling capacities and 
peculation in lithium deposits is at an all time high 


Is the lithium industry being overexpanded? L. G 


Bliss, vice president of Foote Mineral Co. answers, 
We all remember a somewhat analogous case in 
aluminum. The largest producer of this metal an- 


sunced an ambitious expansion program some 
years ago when it was in a market unable to support 
ich expansion Commercial markets developed 
that were not visualized when capital commitments 
were made, and so it may be in the field of lithium.” 
Polishing up his crystal ball, Mr. Bliss offered the 
lowing observations: Commercial acceptance of 


lithium in metallurgy has been retarded by eco- 
nomics. With expansion in production facilities the 
trend of lithium pricing is now in the right direction 
to awaken earlier interests. Lithium may have a 
isé a8 a scavenger or, as some metallurgists believe, 
as an alloying constituent in the ferrous and non- 
ferrous industries. The literature already indicates 
jerable work has been done in these fields 
ince the development by the Germans many years 
ago of lithium containing bearing metal 
For several years investigations have also been 
made to determine the effect of the addition of lith- 
im fluoride and/or lithium carbonate to the baux- 
ite-cryolite bath. In the atomic energy field it could 
well be that lithium will become the friendly rival 
if uranium. Moving from the plant to the kitchen 
Mr. Bliss points out that in the new field of dry 
bleaches, dry lithium hypoct t 
matches the desirable properties of liquid sodium 


nypocnior! 


ilorite more nearly 


te than other proprietary dry compounds 
now being offered. Use will also increase in such 
applications as enamel, porcelain, and glass 

Mr. Bliss states that if his fleeting pictures from 
the crystal ball are true, lithium will create a new 
and large basic industry. “Life with lithium in the 
future will not be static,” he concludes, “ we be- 


heve it is already dynamic.” 


of words on meetings at the summit. 


| eect the average person is exposed to 
t} isands 


rum a coal strike, and the political assault on 
WOC's Important as these are there is very little 
the average person can do about them. Not so the 

ibject of a recent speech by J. A. Stephens, U.S 


Steel Corp.'s vice president for industrial relations 

Mr. Stephens brought into prospective the entire 
problem of communication and the fundamental 
ig of value for the human 
mind. “Any comrnunity possessing little or no library 


need for providing sometl 


service,” he aid, “is an incomplete community. 
regardless of how many swimming pools, television 
Ss, Or sports cars it may have. It is depriving 


itself and especially its children the right to explore 
literature of enduring value—literature that has 
made the human spirit soar above even the grubbiest 
kind of everyday existence.” 


Public libraries have been the principal victims of: 


the great pinch on local tax resources resulting from 
the enormous rise in Federal taxation. Mr. Stephens 
said he believed that library development in the 
U. S. could be stimulated if business and industrial 
leaders in the smaller industrial cities took the initi- 
ative in working with public librarians to establish 
business information services. This type of business- 
industry-library cooperation has already been de- 
veloped in numerous large cities 
However, Mr. Stephens emphasized, “Industrial 
management looks upon libraries not so much as 
reservoirs of practical data, but as priceless reposi- 
tories of knowledge about the institutions of society 
we must cherish and defend—and knowledge about 
ys and ways of thought that are hostile to 
freedom and that we must know about in 
to combat them effectively. It is the responsi- 
of those in business and industry, in their role 
zens, to safeguard libraries and to fight for the 
ss’ right to make available literary material 


presenting diverse points of view 


FAR CRY from the small gasoline engine used 
A to provide emergency power for rural areas and 
small industries is the plant 
capat le of developing 5500 kw of electrical power! 
This unit, developed for the Bureau of Yards and 
Docks of the U. S. Navy as an emergency unit, was 
designed by Clark Bros. Co. of Olean, N. Y., ome 
the Dresser Industries 
The emergency power 
road car, can be moved at high speed in any freight 
and rei to operate 
desired site. The 


atl 


tur bo-mobile power 


is mounted in a rail- 


or passenger train service, 
within 24 hr after reaching the 


necessary for successful of 


source and a transmission line. This gas t 


ne driven unit is designed to operate on a wide 
range of liquid and gaseous fuels, in combination o1 


interchangeably 


This cutaway shows 
the Clark turbo-mo- 
bile power plant 
mounted in a spe 
cially designed rail 
woy cor. At the left 
is Diesel engine used 
to stort unit, Clork 
gos turbine, genera 
tor, exciter, fuel 
pemps, and control 
room 


“Trends 


The Clark turbo-mobile power plant can be used 
arising from natural causes 
floods, fires, hurricanes, and 
earthquakes. In the event of war, the mobile power 
plants could be moved in on ships to base areas, and 
units could be standing by in this country near key 


to meet emergencies 


such as tornadoes, 


manufacturing plants, or large cities 

The gas turbine used to drive the generator in the 
power unit is also well suited to the drive of cen- 
rifugal compressors in the 
industries. It is specifically de- 


refining, gas transmis-~- 
sion, and process 
signed for continuous, long-life operation with o1 
without regeneration 

The gas turbine consists of an axial flow com- 
yressor and axial flow turbine with two shafts. The 
first (high pressure) turbine consisting of two stages 
operating at 5000 rpm drives the axial flow com- 


pressor supplying combustion air. The second tur- 


bine running independently drives the 
ator at 3600 rpm. The rotating blades are forged 
and shrouded reducing interstage losses. The stator 


precision cast and attached to carrie: 


load gener- 


blades ar 
rings with controlled clearances permitting thermal 
expansion without strain or distortion. The turbine 
is designed for normal! operation at an inlet temper 
ature of 1350°F 

Only minor preparation at the site before startup 

required, and only one trained operator is re- 
quired to start and operate the plant 

In addition to the 5500 kw unit built for the U.S 
Navy, a 6290 kw recently been sold to the 
Comision Federal de ctricidad in Mexico. In 
Mexico, mobile idered to be the an- 
upplying power to citi 


power 185 con 
swer for and areas sepa 


rated by long distances, where it is not economical 


to build transmission line o interconnect all areas 
Mobile have been used, but 
they are not answer, and it 


is felt that the ga rdine un which is satisfactory 


team and Diese! plant 


from a size viewpoint, does not require water, and 

may be moved and placed in operation in hours, will 

provide the solution 

Clark Bros. Co., lebrating 5th year 
started as a manufacturer of agricultural 


' ince continuously ad- 


tools and pump 
justed and exp 
Dresser Industri« 
is building new 


and turbine 
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HE Second Metallwerke Plansee in Reutte tists and producers throughout much of the world 


k \ was scheduled to follow the Joint Metal- The technical sessions were held at the Metall- 
‘ etic Meeting in Europe. Some 250 werke Plansee plant in Reutte. Reutte is a smal! 
attended fror na ntries including a dozer city in the Tirolean Alps of Austria—a beautiful 
Americar from the Joint Metallurgical Meeting setting for either a meeting or a plant 
ind a number who came direct. There were 130 One evening an exhibition of Tirolean dancers 
egistrants from Austria, 68 from Germany, 31 from was provided, a treat whether one had seen such 
k Ey ind. 20 from the USA. 15 from Sweden. 14 dancing before or not. The meeting opened and 
from France, 12 from Switzerland, and from 1 to 6 closed with a dinner. It should be noted that Dr 
from eact f the following: Luxembourg, Spain Paul Schwarzkopf, founder and owner of American 
Ita Belgium, Holland, Japan, Ireland, and Electro Metal Co. in Yonkers, N. Y. and Metall- 
’ werke Plansee Gesellschaft in Reutte, is an excel- 
e technical sessions were well planned cover- lent host. His staff members too, from both com- 
ise ff powder metallurgy and panies, did everything possible to supply technical 
ed bje from fundamental researct information or to provide for the comfort of the 
‘ jus Translatior f pape and registrants. At the close of the meeting plans were 
ere { led f hose w were ade to provide for an international powder metal- 
The attendance ind te the mplete- lurgy society to insure the continuation of these 


Dr. Paul Schwarzkopf, 
fourth from left, was 
host at the Interna 
tional Seminar on Pow 
der Metallurgy in 
Reutte, Germany. The 
meeting was held fol 
lowing the Joint Met 
allurgical Societies 
Meeting in Europe, 
ond some of the 
Americans attending 
ore shown with Dr 
Schwarzkopf 


JO Vietallurgical Societies 


Meetir n Europe that were received too late 


he August 1e of JOURNAL OF METALS, 


John Chipman, Choirman-elect of the tron & Stee! Div. The banquet in the Orangerie in the Palace of Versailles, 


AIME, responds on behalf of the Americans to the wel June 18, 1955. Insert shows a portion of the speckers toble 
come of the Centre National de Recherches Metallurgiques at the bonquet. From left to right: Ernest Kirkendoll, 
at the Luncheon held at Le Moson in Liege, Belgium, June Mme. la Comtesse de Vitry, MR. Terrel, Mrs. George 
13, 1955 Roberts, R. de Vitry, president of Societe Francoise de 


Metollurgie, the host society, and Mrs. J. 8. Austin 
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| e exchange in information between scien- valuable meetings Ewmest Rirkendall 
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NOW! 


X-ray 


Truck-mounting of OX-175 with elevating tube 
stand converts this rugged, dependable, port- Y 
. able x-ray unit into a modile inspection tool for : Be, 
laboratory and shop 


Simply staged and remotely controlled, the port- 
able OX-175 provides positive check of the 
welds on this oil storage tank. 


with industry’s most 
versatile x-ray unit — 


General Electric’s OX-175 


Fifty feet off the ground...or inside a 
15-inch opening — G neral Electric's new 


OX.-175 is the answer to almost any radio- 


graphic inspection procedure. Light weight 


and small tubchead size — plus control 


cable lengths up to 200 feet — permit 
checking of welds, castings or assemblies é, 
in the shop or in the field. ae 
There are three models to choose from . 
n\ 


any of ten types of mountings. And 
note this — with its flat target tube, the 
OX-175 produces a 360° field of radiation 


that can radiograph an entire circumferen 
tial weld in one exposure, 

Your G-E x-ray representative will show 
you how the OX-175 can extend 
range of x-ray inspection. Cali him today, 


or write X-Ray Department, General Elec- 


your 


pany, Milwaukee 1, Wisconsin, 


for Pub. 4. 


tric Comy 


Progress /s Our Most Important Product 


GENERAL ELECTRIC 
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Lifting capacity of this Austin-Western crane was is driven by a 6” center distance 50:1 Cone-Drive 
ane by replacing cylindrical worm gearing Gearset powered by hydraulic motor. A similar 5” 

with Drive gearing. The boom lifting mechanism center distance 40:1 Cone-Drive unit swings the crane. 


350% more lifting capacity 
with help from nickel alloys 


Don’t App BULK or deadweight to medium-carbon nickel-chromium- 
ane i apa y molybdenum steel, heat treated to a 


minimum hardness of 32 Rockwell C 


, , and 140,000 psi tensile strength 
a “4 ‘ rane 
how how . rengthen an The nickel content in this steel 
, e making it more helps make possible a surface that 
eompact resists wear and spalling and a 
core with the toughness to withstand 
e-Dr tes 
steel wor " reat f 
Sdded In many a metal, you can improve 
caat Ke ed re ‘ ‘ 
P specific properties by use of nickel 
br parts extra ‘ 
alone or in combination with other 
raise elast es 
. alloy elements. Wher you have a 
‘ cK Te ‘ 
. metal problem, whatever the diffi- Give compact units <camina by de- 
to us igh mech ical proper- 
‘ end us details We ll be glad t ig a a roper 
es OT nickel alloys ove is such a unit, 
cKe ntributes much to give y : iggestions based on our produced by Cone Drive Gears Division 
orm. Cone-Drive worms are wide experience in this field. of Michigan Too! Co., Detroit 12, Mich. 


THE INTERNATIONAL NICKEL COMPANY, INC. 
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Victor Chemical Works, Chicago, has developed a new alloy, ferro- 
phosphorus, to increase the density of concrete walls forming 
the protective shielding for atomic hot cells. Ordinary 
concrete for this purpose would have to be 6 to 8 ft thick, 
but when mixed with concrete, ferrophosphorus produced a 
density of 290 to 300 lb per cu ft, twice that of ordinary 
concrete, 


Columbia-Southern Chemical Corp. of Pittsburgh and Imperial Chemical 
industries Ltd, of England plan to construct a $10 million 
titanium plant at Natrium, W. Va. Companies will introduce a 
new sodium reduction method to produce granular titanium, Plans 
call for a processing plant with a 5000 ton capacity. 


Reynolds Metals Co. is beginning the largest expansion program in 
its history. A $250 million program to increase its annual 
primary aluminum products by 270 million lb to a total of 1.l 
billion lb includes a new 200 million Ib primary reduction 
plant to be built in the Ohio River Valley. 


Elgin National Watch Co. has developed a button-sized expendable 
battery that delivers 1.15 v for two years. Using indium as 
an anode and an undisclosed material for the cathode, the 
microcell opens up new possibilities in military and industrial 
applications. 


Chromium coating of titanium has been successfully accomplished by 
iiarco Research Laboratories of Clark, N, J, Named the Baylig 
rocess, the method should be valuable in counteracting the 
galling tendency of titanium in Sliding contacts. 


In the plant wide expansion program of Wickwire Spencer div. of 
Colorado Fuel & Iron Corp, three open hearths are being enlarged 
from 110 to 175 tons per heat. New turboblowers, each costing 
$1 million, will increase the efficiency of the furnaces. 


Steel capacity in the six countries of the European Coal and Stee] 
Community is expected to increase from 5] to between 57 or 58 
million metric tons by 1958. Steel industries of the community 
employ approximately 406,000 persons. 


U,_ S, Bureau of Mines has announced a $250,000 research program in 
rare earth metals. The Rare and Precious Metals Experiment 
Station at Reno, Nev., is investigating the properties of these 
metals with a view to developing methods of extraction and 
possible commercial uses. 


A_liguid metal fuel reactor with a potential of 7.8 mill per kw hr 
uSing uranium and bismuth was described by Brookhaven scientists 
at Geneva. A solution of uranium in bismuth was selected because 
of the low melting point and low neutron capture cross-section 
of bismuth. 
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Pig iron produced from Cominco’s iron oxide calcine was made into mild carbon steel in a basic electric furnace. Ingots and 
special costings showed no abnormal characteristics 


lron and Steel Produced From Pyrrhotite 
Tailings Opens Up Potential Market 


by B. G. Hunt and A. Turner 


oo» N SULPHIDE concentrate is | juced in the coarse hard material is necessary to hold the charge 
{ ‘ f separating lead and zinc from the ors pen and permit proper roasting. In tests made by 
it Su e at K ™ ‘ B. ( \ sinter g Machine Cor}y good results were ob- 
certain a int of tl concentrats asted tained, using 50 pct return sinter in sintering feed, 
to provide SO, fo ilphuric acid manufacture and this quantity is assumed to be satisfactory. The 
The ' cide leis from the aster was used return sinter must of course be crushed and a part 
to produce apt ximately 6 t f ! Tr f the limerock flux would be added with this, and 
P jual elements in the : e were t present ir the balance directly to the furnace 
exce ve proportions and some of the n was con- Because insufficient sulphur is present to provide 
verted int mild carbor tee! the necessary heat. coke breeze wa added The 
The rie the ispensior tests indicated that 4 to 5 pet of the weight of mate- 
roaste finely divided that addition of some rial sintered would be required. Representative cal- 
8. G HUNT and A. TURNER ore Pilot Plant Engineer and Re cine was not available for the test program and s 
search Engineer respectively, Research and Development Div, The typical iron concentrates were used, which required 
Consolidated Mining & Smelting Co. of Conade Ltd. Montreal the removal of much more sulphur. The iron con- 
Quebec, Canede. This paper wos presented ot the AIME Pacific centrate was desulphurized and sintered in an oil- 
Northwest Regional Conference, Spokane, Apr. 28 to 30, 1955 fired rotary kiln. 4 ft diam x 48 ft long. Two passes 
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Table |. Analyses and Quantity of Materials Involved in Smelting Pig Iron 


Analysis, Pet 


Material wtb Fe S10, AlO, 
In 
Sinter 20,818 58.5 i8 10.7 2.97 0.45 
Coke 5,055 2.0 os a4 43 
Limerock 5.073 os “7 46 11 0.35 
Total 
Out 
Pig Iron 12,704 93.42 2.08° - 
ag 7,742 6413 12.9 12 
Baghouse and 
lue Dust 549 6.0 91 
Unaccounted 
Loss or Gair 
Tot 


* Silicon. ** Total iron comprising 4.0 pct metallic iron and 3.0 pct 


Ib iron oxide 


Weight. Lb 
Mr Fe 810, Mn 
0.79 12,1798 375 2228 618.3 83.7 164.5 
101 45 427 215.9 05 
44 2522 233 540 17.6 
12,324 2042 2888 888 2 1118 164.5 
0.77 11,868 7.2 
0.76 5a2°°* 3197 2694 908.7 29 8 
33 50 47 
+119 305 +418 +1105 18.9 8.5 
12,324 2942 2888 888.2 111.8 164.5 


iron oxide *** Total iron comprising 310 ib metallic iron and 232 


were required, the final product being a good physi- 
cal sinter. The main operating controls were tem- 
perature, controlled by the oil burner, and feed 
rate. The first pass discharge temperature was 
maintained at 1500° to 1600°F, which accomplished 
a satisfactory sulphur elimination without any sin- 
tering of the product 

If the material is sintered before complete re- 
moval of the sulphur it becomes more difficult to 
get the sulphur as low as desired. Thus when the 
feed rate was controlled at 500 lb per hr, the sul- 
phur in the product was 5 to 10 pct while at 400 lbs 
per hr the sulphur was reduced to 2 to 5 pct. For 
the second pass the discharge temperature was 
raised to a minimum of 2000°F in order to sinter 
the product. A feed rate of about 400 lb per hr 
resulted in a sulphur in the product of 0.1 to 0.4 pct 


Electric Furnace Reduction 

The smelting was done in a single phase 75 kw 
furnace. This furnace consisted of a rectangular 
stee] shell lined with magnecon brick to give a shaft 
of about 9 in. wide x 18 in. long x 30 in. deep 
Below the slag level an inner lining of carbon was 
provided by baking in Soderberg paste. One tap- 
hole was installed level with the bottom of the 
shaft. Two manually operated 4 in. diam electrodes 


introduced the power to the furnace. Power was 
supplied by a 75 kw tap transformer though subse- 
quent experience indicated that a 100 kw trans- 
former would have been more adequate 

The furnace charge was calculated from the 
analyses of sinter, limerock, and coke, and batches 
were weighed out, mixed and charged. Feeding was 
at a suitable rate to keep the shaft fairly full. The 
furnace was tapped about every 1% hr using an 
oxygen lance to open the taphole, all slag and iron 
being drained out each time. Tapping temperature 
was about 2800°F. After the first tapping the tap- 
hole was plugged with a wooden plug which made 
subsequent tapping much easier 

The quality of the sinter had a marked effect on 
the furnace operation, and best results were ob- 
tained with a well-graded sinter free from fines 

Some difficulty was experienced with the lag 
This was partly due to the small scale of the opera 
tion, and partly to the lack of power to maintain 
the required temperatures. Normally iron slag 
should be less than 1 pct Fe instead of the 7 pct that 
was averaged during these test Part of this iron 
4 pct of the slag by analysis, was present as metallic 
iron that had been reduced but had not had the 
opportunity to settle out of the slag. Table I indi 
cates an iron recovery to pig iron of 96.3 pet which 


Iron concentrate wos 
desulphurized and 
sintered in an oil 
tired rotery kiln 4 ft 
diam « 48 ft long 
Two posses were re 
quired 


> 
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Table I!. Analyses of Impurities in Smelting Process 


Analysis, Pet Weight. Lb 
Material Wits rb Za As Sb Sa ce Pb Zn As Sb So ce 
In 
Sinter 20.818 524 52 24 25 123 0.033 108.1 67.7 5.0 52 48 67 
Pig 2.704 1069 2 0.025 0.07 0.6 32 1.1 32 89 
Sieg 7 742 64 iv? 48.8 116 24 $0 31 
Fiue Dust 49 4 24.4 ay 0 40 64.8 144.8 19 49 22 
theoretically could have been raised by 2.5 pct to a Because of their tendency to form stable com- 
tot f 98.8 pct pounds with iron when in the reduced state both 
he ul] furnace with a small bath of slag and arsenic and tin reported in the pig iron to the extent 
et provided little opportunity for settling of nearly half the amount present in the system. A 
Settling may also have been inhibited by the smaller proportion of antimony was also present, 
‘ set if the power. When the melt is probably due to the same cause. However, the 
apped and both slag and metal run out, mixing actual concentrations are not high enough to affect 
und rapid freezing may prevent any the quality of the pig iron. Confirming what can be 
f he P it The separation of metallics and expected from its particular characteristics prac- 
’ ; fluenced by the fluidity of the slag tically all the copper present migrates to the pig 
e flu art » funct f temperature ron. Even so the concentration is not particularly 
; 4 ade highs when adequate power is abnormal 
he nir pet of the slag, is The analysis of the pig iron is given in Table II 
ese xide and indicates to what extent In general it may be described as equivalent to a 
, ’ ' to completion. in tl case 1.9 high quality low phosphorus premium grade pig 
" jependent upon the time of contact iron. The silicon content would place it in the grade 
; perat was about 2 } This could of a No. 2 foundry pig but operating conditions in a 
he , fu ed furnace where the commercial furnace could be adjusted to give vary- 
‘ ‘ i be great ing quantities of silicon at will 
phur, various amounts Steel Production 
‘ are en off. The eater part of The analysis of the pig iron produced and an 
he it : e arse ed. Most of examination of its microstructure indicated no sig- 
t I , pe emain with the nificant abnormalities. Use of this experimentally 
produced iron in the foundry at Trail gave high 
I ‘ f the es during smelting is quality castings. However, because of the associa- 
how ell list ited mainly tion of unusual elements in the raw material, not 
‘ i e, and due to it N normally found in iron ore, it seemed prudent to 
t ; int appe n the pis »btain a definite and independent evaluation of the 
\ t of lead appears us metalli pig iron for steelmaking. Arrangements were there- 
é itu r e tap hole. Anal of fore made for a detailed investigation to be carried 
how at l 1 the high tin content it in the laboratories of the Mines Branch of the 
‘ ted. Wit? nued f ice operatior Canadian Dept. of Mines and Technical Surveys at 
, ter portion of tl id could be expected t Ottawa 
n this manne furnace lining becomes Mild carbon steels were made in a basic electric 
at ted. It inlik that the concentration of furnace using Cominco pig iron, structural steel 
‘ the pig iron would go any higher due to its scrap, and commercial pig iron in varying propor- 
bilit tions in the different heats. Ingots poured from the 
é esent tends to leave the system almost steel were forged from approximately 5% in. in 
‘ ‘ with the fume, due to its high vapor pres- diam to slabs 2% in. in thickness. The forging 
‘ } eta tate At any event the pig iron qualities of the steel made with Cominco pig iron 
tently w in zinc, well below any concen- appeared equal to the steel] made without Cominco 
trat that might cause concern pig iron 
Table Il!. Typical Analyses of Moterials, Pct 
Materia! ve so ALO MeO Moe Pb Zn As Sb Sn ce 
Iro 
t 479 85 2 28 6 44 ‘ I os 0.27 0.07 0 008 0 
Ir A 7 8 297 45 79 524 0 325 024 0.025 0 023 0 033 
K . ‘ 72 12 191 0 08 0.1 
Pig 5 77 0 0069 0 005 0 025 0 008 0 025 0.07 <@0.1 
Siag** sa ‘4 29 2 76 0 63 0.15 0.031 0.064 0 040 
Furnace fue 
dust 264 0.35 0.89 0 40 
Leed b 
lion*** RE 0.05 2.0 66 02 
* Als tained 208. and “ox ese . ‘c. Sia P ** Also « tained 40 and 30 pet respectively of Fe and FeO 
Alex tained 4 espectively Bi. Au. and Ag 
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The steel slabs 2% in. thick were hot rolled to 
1 in, % in. and % in. thick plate. Visual and 
microscopic examination showed normal character- 
istics on all heats. Inclusions, microstructures and 
grain sizes on the as-rolled and normalized plate 
were normal. 

Short time tensile tests were made on as-rolled 
and normalized plate at room temperature, 400°, 
800°, 1200°, and 1600°F. Some lowering of the ten- 
sile ductility was found at 1200° and 1600°F but this 
is not unusual in the short-time testing of mild steel 
at elevated temperatures 

Hot bend tests were made on as-rolled plate, and 
the checking characteristics at 1600°, 1800° and 
2100°F appeared similar in all heats 

Transition curves were plotted from the results of 
Charpy V-notch impact tests on as-rolled plate 
from all heats and normalized plate from two heats 
The curves of the steel in the as-rolled condition 
were all within an acceptable band 

Weldability tests, using the Controlled Thermal 
Severity Weldability test, developed by the British 
Welding Research Assn. indicated that all steels had 
similar weldability 


Availability of Iron Concentrate 

The ore from the Sullivan mine contains lead and 
zinc sulphides associated with a considerable pro- 
portion of iron sulphide. In the treatment of this 
ore at the Sullivan concentrator coarse size waste 
rock is first eliminated in a sink and float plant, 
then the lead and zinc are successively separated as 
sulphide concentrates by differential flotation. The 
tailings from this operation, which are predomi- 
nantly pyrrhotite with varying proportions of 
pyrite and siliceous gangue and residual amounts of 
lead and zinc minerals, contain approximately 0.04 
pct Sn as cassiterite, the coarser particles of which 
are recoverable 

The flotation tailings, amounting to some 6000 
tons per day, are treated in a 33 ft Dorr hydro- 
separator for removal of low grade slimes. The 
underflow amounting to 2500 to 3000 tons per day is 
passed on to a flotation section to remove an iron 
sulphide concentrate and leave flotation tailings 
containing recoverable tin. This iron concentrate, 
amounting to 1200 to 1700 tons per day contains 47 
pet Fe and 32 to 33 pct S. About 400 tons per day is 
roasted to provide acid for the Kimberley phosphate 
plant and the remainder is stored in the iron tailing 
storage area 


Economic Considerations 

It is evident that the recovery of iron from this 
high sulphide product must be integrated with an 
operation which will consume sulphuric acid. When 
the Kimberley fertilizer dept. was completed in 
September 1953, the recovery of iron was brought 
one step nearer practical realization. Even so, the 
scale of operation of the fertilizer plant, which de- 
termines the quantity of iron oxide produced at the 
roasting plant, sets a limit to the quantity of iron 
that can be produced. This eliminates the possi- 
bility of a conventional iron blast furnace produc- 
ing 500 to 1000 tons of pig iron per day and leads to 
the consideration of the electric furnace process 

An electric furnace process based on 100 tons of 
iron per day would have a number of advantages at 
Kimberley. The scale of operation is more in keep- 
ing with the supply of iron oxide. Furthermore the 
operation would use electric power, which Cominco 


Smelting wos done in a single phase 75 kw furnace. Shoft 
is 9 in. wide x 18 in. long x 30 in. deep. Two 4-in. diam 
electrodes introduce power to the furnace 


has in abundance at moderate cost, and it would be 
well-located with respect to the only B. C. source of 
metallurgical coke at Michel. With the advantages 
of raw materials and power, it is apparent that the 
Kimberley location is as well situated as any in 
B. C. or in the Pacific Northwest for small scale 
production of pig iron. The potential market for the 
product is a matter of some uncertainty. Western 
markets are relatively small and have been so 
dominated by scrap metal that outlets for pig iron 
have not developed normally 

The general pattern of development for such an 
operation at Kimberley has been apparent for some 
years. The use of the electric furnace for smelting 
pig iron is not new, but has been developed into 
commercially successful operations in Europe. The 
engineering and metallurgical problems associated 
with the process are understood, and have been 
solved. The novel feature of the present scheme 
the presence of residual lead and zinc, with smaller 
quantities of arsenic, antimony, tin, and copper in 
the iron concentrates which are the primary raw 
materials for the process. The deportment of these 
elements could be predicted with some degree of 
confidence and the pilot established 
without doubt the possibility of making an accept- 
able standard grade of pig iron free from deleter- 
ious effects arising from the presence of abnormal! 
nonferrous metals 


plant test 
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Domain Structures Suggest Key to 
Enigma of Magnetic Force 


by C. D. Graham, Jr. 


be changing. In recent years, for example, under- 
standing of the mechanical properties of metals has 
been greatly accelerated by the development of the 
lislocation concept. One of the great advantages of 
the dislocation theory, as of all useful theories, is 
that it provides a common basis for thinking about a 
number of different properties. It seems safe to say 
if the behavior of dislocations in metals under 
various conditions were better understood compre- 
hension (and control, within limits) of a wide vari- 
ty of mechanical properties such as strength, fa- 
tigue life, creep resistance, and hardness would be 


The Ferromagnetic Domain 


A comparable state of affairs exists in the field of 
magnetic materials. It is now universally accepted 
that the key to the behavior of magnetic materials 

the ferromagnetic domain. All magnetic materials 
nains. These domains are small regions 
ial which are completely magnetized 


Domains are perfect magnets; they are always mag- 


netized, and always completely magnetized. A do- 
nain cannot be demagnetized except by heat. An 


externally applied field may change the direction 
but not the magnitude of its magnetization 


A magnet made out of a series of isolated domains, 
all magnetized in one direction, should be many 
nes more powerful than any magnet now in use 
In fact, very considerable progress has already been 
de toward producing such fine particle magnets 
But in ordinary materials, like the iron nails in the 
shepherd's shoes, the domains are not isolated and 
their moments or magnetizations are not all aligned 
one direction. Normally the domain magnetiza- 
tions are distributed in various directions so that 
the net magnetization of the whole sample is zero 
In this way a piece of iron appears to be unmag- 
tized even though it is made up of a collection of 


powerful permanent magnets 


Fig. 1—Diegram of a simple domain configurotion in a 
grain of magnetic metal. The arrows represent direction 
of magnetization in each domain 


; piece I eta al attract ne anotner ac! an evident 
empt pace se basical absurd. This apparent 
‘ the ‘ mind technical 
people where some gress has been made 
both in developu iseful magnetic materia and in 
ene inde tanding the fundamental nature of magnet- 
rn Generally speaking, these two have been sepa- 
rate development Magnetic mate i have been 
found and ved by the siedge nhamme tech- 
nique of trying things until you find one that works 
being guided by experience and inting heavily 
on luck. Science has pS in 
this development — 


Fig. 2—Simple domain structure in a grain of silicon-iron 
is shown under dork field illumination magnified 150X 
Surface of grain is parallel to 110 plane 


In a single grain, domains are normally magnet- 
ized only in certain crystal directions. One possible 
arrangement of domains in a grain is illustrated in 
Fig. 1. It can be seen that each domain magnetized 
in a given direction is exactly balanced by another 
domain of equal volume magnetized in the opposite 
direction 

People working on domains have an advantage 
over people working on dislocations. It is possible 
to see domains directly under a microscope. Figs. 2 
and 3 are photographs of domains in two grains of 
silicon iron. The resemblance between Fig. 2 and 
the center part of Fig. 1 is clear. The photographs 
also illustrate some of the properties of domain 
boundaries. For example, domain boundaries as 
viewed on the surface of a grain are usually straight 
lines, or nearly so, and the lines meet one another 
at definite, reproducible angles. The observed do- 
main structure in a grain is closely connected with 
the crystal orientation of the grain. In fact, only on 
grains of certain simple orientations are the surface 
domain patterns simple enough to be interpreted 
without confusion 


Domains are observed by the powder or Bitter 
pattern technique in which a colloidal suspension 
of a ferromagnetic material, usually magnetite, is 
placed on the electropolished surface of the speci- 
men. The colloidal particles collect along the lines 
where domain boundaries intersect the surface 
since these are the regions of greatest field strength 
Electropolishing is necessary to eliminate the sur- 
face strains produced by mechanical polishing, 
which could easily obscure the true domain struc- 
ture. The lines of colloidal particles are visible 
under the microscope. Dark field illumination is 
usually employed so that the boundaries appea 
light against a dark background as in Figs. 2 and 3 

Actually, the advantages of direct observation 
are no longer completely denied to dislocation en- 
thusiasts. In favorable cases, individual dislocation 
sites can be revealed as etch pits by the use of cer- 
tain reagents. Fig. 4 shows these dislocation etch 
pits in silicon iron 

The most important fact about domain boundaries 
is that they move. When a magnetic field is applied 
to a soft magnetic material, the domains magnetized 
parallel or nearly parallel to the field will grow at 
the expense of other domains. This growth produces 
a net magnetization in the direction of the applied 
field, as illustrated for a simple case in Fig. 5 

This picture of the magnetization process amounts 
to saying that the mechanism by which magnetic 
materials magnetize is by the motion of domain 
boundaries—at least in the steeply rising portion of 
the magnetization curve which is of greatest impor- 
tance in most materials. The problem of under- 
standing magnetization is thus reduced to the more 
concrete problem of understanding domain bound- 
ary movements 

Just as a knowledge of dislocation behavior 
should lead to an understanding of mechanical 
properties, so a knowledge of domain behavior 
should lead to an understanding of magnetic prop- 
erties. If anything, the prospects for magnetics re- 
search are the brighter of the two, since domains 
are large enough to be observed directly and easily 


Areas of Research 

Domain wall motions are known to be responsible 
for magnetic properties and a workable method for 
observing domain boundaries is available. Armed 
with these two pieces of information, it should be 


Fig. 3—Simple do 
moin structure in oa 
groin of silicon-iron 
is shown under dark 
field illumination 
magnified 150X. Sur 
foce of grain is par 
allel to 110 plane 
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Fig. 4—Etch pits on 
dislocation sites 
silicom gram are 
shown magnified 
750x Photographs 
ore by C G Dunn 
ond WR Hibberd 
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Fig 5—Diegram shows domain boundary movements dur 
img Magnetizotion applied field, b and increasing 
field applied from left to right, and d. still higher applied 
field cousing soturotion of the specimen 


950-—JOURNAL OF METALS, SEPTEMBER 1955 


a... 


boundary motion in single crystals and bicrystals of 
ntrolled orientation. This kind of experiment 


CUTiL 
could yield information about the nature of the tex- 
proper degree of perfection required 
a given purpose. Given these specifications, the 
ist could concentrate his efforts on pro- 
jucing a given material of known value, rather than 
ariables in the hope that an improve- 

*s will result 

* most persistent problems in the metal- 


magnetic materials is the effect of grain 
confusion surrounding this point has two 
major causes. First, it is difficult to change grain 

ze without also altering some other property of a 

articularly when the grain size heat treat- 
lve high temperatures and reducing at- 
S, aS in the case of iron. Second, grain size 
ly affects magnetic properties in more than 
way. One effect of grain boundaries is to in- 
t the motion of domain walls, which leads to 
ased coercive force and higher losses. Even 
the domain structure in a grain is simple, 
shaped closure domains are frequently found 
n boundaries, as shown in Fig. 6. The mag- 
} ‘ process involves the rearrangement of 
these domains, so that their presence makes mag- 
ization more difficult. From this point of view, 
in boundaries are undesirable in soft magnetic 
materials, and should be eliminated. This means 
the grain size should be large. Or perhaps the 
xture should be made so perfect that the grain 
boundaries separate grains of almost identical ori- 
entation; such grain boundaries might no longer be 
a serious obstacle to domain boundary movements 
Direct observation of domain boundaries in motion 
at grain boundaries of various kinds should give the 
answe! 

On the other hand, grain size appears to influence 
domain size. A fine-grained material has more do- 
main wall per unit volume than a coarse-grained 
naterial. There is good reason to think that trans- 

rmer core losses are reduced by increasing the 
number of domain walls, so from this point of view 
a fine-grained structure seems desirable. It does not 
appear possible to observe domain boundaries di- 
rectly by the powder method if the boundaries are 


moving under 60 cycle excitation, but there are in- 


= 
‘ ic? the triai-and- 
nee domains are nor- 
| = | 
a b 
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direct means of studying domain wall motions in 
simple cases by the magnetic changes so produced. 
In this way it is possible to approach the relation 
between domain size and magnetic properties under 
ac conditions 

Inclusions are a known source of trouble in soft 
magnetic materials. It is often possible to observe 
closure domains around inclusions, as shown in Fig. 
7, and the mechanism by which such a domain struc- 
ture can inhibit domain wall motion is understood. 
Theory, however, does not say much about the ef- 
fects of inclusion size or shape on domain wall mo- 
tion, and here a direct experimental approach should 
be possible. By observing domain wall behavior 
around inclusions of various kinds and sizes, one 
might be able to identify the most harmful inclu- 
sions and to note the inclusion size and distribution 
which will minimize power losses 

The effects of internal stresses are understood less 
than any of the variables considered above. The 
nature of an internal stress resulting from local de- 
formation, unequal contraction on cooling, or some 
other source, involves the arrangement of disloca- 
tions in the metal, and this arrangement is not gen- 
erally known. Thus from a theoretical point of view, 
the problem is difficult because the form of the stress 
field is unknown. The experimental approach is also 
difficult, since stresses generally distort the domain 
structure so severely that it is impossible to inter- 
pret. A number of workers have investigated the 
effects of uniform stress on domain structure. An- 
other possible approach would be to observe domain 
behavior in the vicinity of a localized distortion such 
as a slip line 

Cooling magnetic materials through the Curie 
temperature while applying a magnetic field some- 
times produces marked changes in magnetic prop- 
erties. However, the mechanism by which these 
changes occur is not always clear. Certainly the 
magnetic annealing must affect the domain struc- 
ture, but the nature of the change and the process 
by which it takes place have not been established 
A series of simple experiments in this field could be 
of enormous importance in the development of mag- 
netic materials 


Fig. 6—Domain structure ot grain boundaries are shown in 
silicon-iron magnified 150X. Heavy curved line is the grain 
boundary Note wedge-shaped closure domains extending 
into the central grain from the grain boundory 


Fig. 7—Closure domains around inclusions in silicon-iron 
are shown. Note double wedges radiating in a V from 
the inclusions. Small light spots in background are parti- 
cles used to make domain walls visible 


Most of this discussion has concerned soft mag- 
netic materials, but the same general considerations 
must apply to permanent magnet alloys. The dif- 
ference, of course, is that for permanent magnets 
one needs to make domain motion difficult, so that 
the material, once magnetized, cannot be easily de- 
magnetized. It is difficult to observe domains di- 
rectly in good permanent magnet materials, since 
they are usually complex alloys, highly strained. In- 
formation gleaned from studies of domains in soft 
materials, however, should be of value in under- 
standing and improving permanent magnet mate- 
rials 

Conclusion 

Since domain boundary movements are responsi- 
ble for most important magnetic properties, the 
study of domain structure and domain boundary 
motions under various conditions can be of the 
greatest possible value in understanding, predicting, 
and controlling the properties of magnetic materials 
Among the variables which may be approached by 
the observation of domains are the effects of tex- 
tures, grain size, inclusions, internal stresses, and 
magnetic annealing. In particular, knowledge of the 
effects of metallurgical structure on domain be- 
havior should make it possible to predict in advance 
the structure required to produce the magnetic 
properties needed for a particular application. As 
this stage is approached, the trial-and-error method 
of improving magnetic materials will slowly give 
way to the simpler, more direct, and more economi- 
cal procedure of working to produce a given struc- 
ture, with reasonable confidence that it will possess 


the required properties 
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rocess. Since that time a wide variety of uranium 
and uranium alloy remelts have been made by this 


method. The alloys have been principally additions 


of zirconium or molybdenum to uranium, and the 


illoy electrodes have been made either by non-con- 
sumable electrode arc-melting or by vacuum induc- 
tion melting 
Uranium Melting Practice 

The first uranium arc-melting program was con- 
cerned primarily with production of ingots of low 
carbon bearing uranium suitable for fabrication into 
slabs which could then be processed to uranium 
foil. Uranium derbies (metal in the as-reduced con- 
liti n, approximately 4 in. thick and 8 in iam) 
were prepared for melting by sawing ‘2 in. from the 
top in order to rernove the high magnesium and slag 
bearing material. This was followed by forging into 
a consumable electrode of about a 2'2-in. octagonal 
section and cutting to a 26-in. lengt Electrode 
fabrication was done by heating the uranium in a 
carbonate salt bath (39 pct K.CO, 33 pct NaCO,, 28 
pet Li,CO,) at 1220°F and forging on a press. At 
first the end of the forged bar was shaped into a 
square section and attached to the water-cooled cop- 
er electrode by the copper collet assembly illustrated 
in Figs. 1 and 2. These figures also show the uranium 
butt end remaining after completion of a melt. Be- 
cause of the difficulty in consistently obtaining a 
good fit into the collet, some of the consumable 
electrodes were attached by drilling and tapping 
one end of the forged uranium bar and then screw- 


‘ > — 


Fig. 1!—Components 
of copper collet os 
sembly shown after 
melt ore: retoim 
ing ring, collet which 
screws onto plug at 
end of woter cooled 
electrode, and uro 
nium butt 


ing this onto a threaded plug at the end of the water- 
cooled electrode assembly. Fig. 3 is a schematic ar- 
rangement of a typical consumable electrode fur- 
nace similar to the one used for this work, and Fig 
4 is a photograph of the laboratory furnace used for 
this work 

In addition to the melting of derby uranium stock, 
some work was done with the remelting of vacuum 
induction cast ingots to obtain sound, larger di- 
ameter ingots 

The furnace operating procedure for a melt of 
uranium going from a 2'2-in. diam electrode to a 
4-in. diam ingot is outlined as follows: 

A—Evacuate furnace system to about 20 microns 
and purge with helium 

B Repeat A 

C—Evacuate to 20 microns, refill to atmospheric 
pressure with a mixture in the ratio of 1 helium:1 
argon 

D—Reduce system pressure to about 15 in. Hg 

E—Lower the electrode assembly, with the power 
on, until an arc is established by striking a layer of 
metal chips which has been placed on the mold bot- 
tom. The arc is usually established with about 800 
amp 

F—The electrode is withdrawn after striking the 
arc to maintain 25 to 30 arc v, and as the metal 
starts to melt off, the electrode is lowered as it is 
consumed in order to maintain an arc of 25 to 30 
arc v and 2300 amp. This condition gives a melting 
rate of about 7 lb per min in converting an electrode 
of 24%-in. diam to an ingot of 4-in. diam, or a power! 
consumption of 0.16 kw hr per Ib 

G—Shutdown is achieved by reducing the power! 
in increments of 600 amp to make the ingot top 
sound and free of shrinkage cavities 

H—The ingot is removed by inverting the copper 
mold. If difficulty is experienced because of scored 
and worn molds, the removable mold botton 
(sealed with an O ring assembly) is taken off and 
the ingot pushed out 


Results Obtained From Melting 
Uranium by Consumable Electrode 
Arc-Melting Process 


A—Uranium melting con be accomplished in either o 
portico! vocuum or an inert atmosphere. Uranium is cast in 
a water-cooled copper mold, and the arc is established ond 
maintained from a uranium electrode. These conditions 
obviate the melting contamination caused by certain at 
mospheres, by the graphite or refractory crucibles of in 
duction melting, or by the tungsten tip in the non-con 
sumable electrode type of arc-melting 

B—When the melting cycle is properly controlled sound 
uranium ingots are produced having no primary or sec 
ondary pipe or shrinkage cavities. Soundness is achieved 
with the additional cost and time for the remelt, and some 
surtace conditioning treatment is also necessory, However 
this could be accomplished with almost no sacrifice of ma 
terial by a welding treatment to remelt the surface 

C—Larger diameter ingots con be produced from smaller 
ones cost by other means without resort to any intermedi 
ate processing such as rolling out to strip or rod and 
chopping prior to remelting by nonconsumable electrode 
arc methods 

D—Raw as-reduced metals, such os derby uranium, can 
be converted into useful solid shapes by fabricating an 
electrode from the row material ond then melting and 
casting into an imgot 

E—Method provides o satisfactory means for remelting 
certain alloys to achieve homogeneity of alloying addition 


I—Water flow around the mold assembly during 
melting is maintained at an absolute minimum just 
above that flow required to prevent localized boiling 
on the mold surface 


Description of Uranium Ingots 
The consumabie electrode arc-melting technique 
produced ingots of 4-in. diam that were entirely 
atisfactory for the intended purpose of providing 
tock for the fabrication of uranium foil 
A 4-in. diam ingot is shown in Fig. 5 and a longi 


tudinal section of a similar 80-lb ingot is illustrated 


Fig 2—Collet and 
butt of forged ure 
nium derby electrode 
ore shown assembled 
after completion of 
o melt 
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Fig. 3—Diagrom of consumable electrode arc melting fur 
noce illustrates component parts 
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The longitudinal section (top and bottom halves) 

of the uranium ingot shown in Fig. 6 is representa- 

tive of the degree of soundness achieved bv this 

melting technique. There no pipe or shrinkage 

cavity. Only a very slight degree of sub-surface 


porosity exists under the surface blisters and is 
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readily removed by a light skinning operation or by 
the weld-conditioning mentioned previously. A 
very thin layer of porosity is present under the top 
ingot surface. This particular ingot was made by 
remelting an electrode cast from a vacuum-induc- 
tion melt. The melt is considerably cleaner and 
easier to control than one made by using raw derby 
iranium. The latter is accompanied by a consider- 
able evolution of volatiles which tend to make the 
arc quite unstable, and this results in increased 
splatter on the mold wall to produce the type of sur- 
face as on the ingot in Fig. 5 


Fig. 4—Laboretory consumable electrode arc furnoce 
modified from sonconsumable type furnece by 
the addition of deep spocer 


| 
ae 
Mie 


The 4-in. diam ingots produced from consumable 
electrodes of forged derby uranium, in this investi- 
gation, were used to produce some rather good ura- 
nium foil. The ingots were forged, rolled to slabs, 
and machined to %x5%x20 in. These slabs were 
then rolled in a series of operations to produce foil 
0.001-in. thick x 5-in. wide. The material handled 
very nicely in the final rolling on a Sendzimir mill 


Considerations for Production Applications 
For the purpose of producing large ingots, the 
furnace construction is such that the electrode con- 
tainer height is limited only by the overhead room 
required to raise and lower the electrode assembly 
It is practical to make long electrodes by welding 
together cast or forged bars as needed to produce 


‘4 5 6 7 8 

Fig. 5—As cost, 4-in. diom notural uranium ingot is shown 

es produced by consumable electrode arc melting process 


Fig. 6— Machined 
ond etched longitu 
dinal section through 
consumably meited 
4-in. diom uranium 
ingot is shown. Top 
of ingot is at left 
Dark spots are etch 
ing stains around 
voids 


such ingots. Welding of uranium electrodes has been 
done successfully for bars of 242-in. diam in a he- 
lium atmosphere box and should be adaptable to 
welding in air provided proper ventilation is pro- 
vided. An inert gas shield would probably be of 
value if gaseous contamination of the weld became 
a problem. Zirconium and zirconium alloy elec- 
trodes are customarily welded together in air 

The as-reduced metal might be used directly as 
electrodes by welding together derbies that had 
been conditioned by pickling to remove slag from 
the outside. In some instances it might be necessary 
to flatten the top and bottom by either machining or 
upsetting on a forge in order that a welded electrode 
might be fabricated. This type of operation would 
probably be rather difficult 

The furnace system for a given capacity furnace 
is much more compact than is a vacuum-induction 
melting unit of similar capacity. The floor space re- 
quired is minimized, the system volume is also 
smaller, requiring lower capacity vacuum pumping 
systems. It must be recognized, however, that since 
the melt is accomplished in an inert atmosphere of 
approximately 1/3 atmospheric pressure and that 
the entire mass of metal is never molten at any in- 
stant, the metal does not have opportunity for ap- 
preciable removal of volatiles and light, floatable 
impurl in vacuum-induction melting For 
li ingots, it is known that the depth of 
molten metal is usually greater than 6 in. When the 
electrode metal contains appreciable quantities of 


volatiles which are not removed by a single con- 
sumable melt or when the ingot cast therefrom is 
porous because of residual gases, the single melted 
ingot can be used as an electrode and can be con- 
sumably remelted to a larger diameter ingot which 
will probably be sound. A double melting process 
such as this is currently being used to produce 
sound ingots from sponge zirconium which contains 
large amounts of volatile materials and which yield 
porous ingots after only a single consumable melt 
Depending on the requirements for the metal, it 

on melt and 
yy the con- 


might then be better to vacuum-inductio 
cast electrodes which would be remelted } 


sumable electrode arc-melting method 
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view of the Great Northern Ore Docks at Allowez, Wis. show magnitude of ore blending operation 
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Sa 
Ore Blendi t Shipping Dock 
| Unif Blast F Burd 
by Myron W. Griswold 
ta tu constant analy argo is well blended that 
4 le there is a minimum analytical variation from hatch 
th niformity to hatch. In this way the blast furnace dept. is 
‘ ‘ : itly aided in producing a constant output of de- 
iw ire ana ed ft n, phosph is 
t . ‘ t e nganese, alumina, and moisture. Ir ler to ob- 
more inif rY iT tre ta a epresentative amt le fo anal Sis. each cal 
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t point method, a rope with knots at 18-ir tervals 
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Fig. 1—Sampling points in the 18 and 24 point methods are 
shown. Inland’s furnaces are burdened on these results 
rather than on Lower Lakes analysis as formerly 


side of the car. Each time the rope is cast a ‘4-lb 
sample is taken from beneath each of the eight knots 

For economy in analytical cost, cars are grouped 
for sampling. Non-uniform ores are combined into 
groups of five and uniform ores may be combined 
into groups of seven cars. Hence in a five car group, 
the sample consists of either 90 or 120 scoops and in 
a seven car group the sample consists of either 126 
or 168 scoops. Whether the 18 or 24 point method is 
used is a matter of company preference as either 
gives accurate results. Inland has concluded that 
the Upper Lakes sampling and analysis methods are 
so accurate that all furnaces are now burdened on 
these results rather than on Lower Lakes analysis as 


formerly. Fig. 1 illustrates both of these methods 


Grades of Ore Shipped 

Except for certain specialty grades which are 
shipped from time to time, Inland ships two grades 
of blast furnace ore from the state of Minnesota 
The 
Mesabi Range low phosphorus non-Bessemer grade 
shipped through the Great Northern Ore Docks at 
Superior, Wis. The second is the Anderson grade 
which is a high phosphorus manganiferous grade 


first in point of tonnage is the Leslie which is a 


originating primarily on the Cuyuna Range and 
shipped through the Northern Pacific Ore Dock at 
Superio! The makeup of these two grades each 


year is somewhat of a compromise between what the 
blast furnace dept. would like and what the raw 
materials dept. has available. The Leslie typically 
consists of an aggregate of about 2 million tons with 
f about 49.00 iron 


a natural percentage analysis o! 


0.060 phosphorus, 10.50 silica, 0.70 manganese, and 


Table |. Typical Season Allotment of Leslie Grade 


Ore Tennage Fe r Mn Alo 
20 45 aa 64 7.20°° 
B 80 ox 12 1.10 
90.000 47.1 8.10° 80 
I 46 50 0 10 
43.00° ont 230 Oo sa 
G 49 Om 10.70 om 
H 47 0 10.90 0.7 24 

49 7% 0 050 870 70 
K ” ) Ome 15.70°° 2.1¢ 
I 200 00x 51.40°° 12.16 
M 235.000 45 90 0.090°* 8 50 on 5 66 
Average 48.31 063 10 59 0.71 24 
T 850 O08 * De tes extreme “ ** De tes ex 
at 


Table ti. Ore Order for a 16,000 Ton Cargo 


Ore Tennage Fe r Mo Alo, 
B 1700 50 30 0 050 12.40 oO « 1.10 
< 2400 47.10 0.050 6.10 1.10 1.80 
E 1500 46 80 0.070 9 50 1.30 1.60 
F 1000 43. 0.080 12.30 0.70 460 
I 3200 49 8 0.070 11.70 6.70 1.60 
L 1200 51.40 0.050 12.10 040 1.00 
M 3000 45.90 0.090 8.50 0.50 5.66 
Average 48.33 0 065 10.55 0.71 241 
Guarantee 48.31 0.063 10.598 0.71 2.43 


2.25 alumina. During the 1954 shipping season this 
tonnage came to Inland from 10 different producers 
and with widely varying analyses. The Anderson 
usually consists of about 500,000 tons analyzing in 
the aggregate about 45.00 iron, 0.20 phosphorus, 
11.50 silica, 3.0 manganese, and 2.0 alumina. This 
grade in 1954 came from eight different producers 
In the blending of any given grade it is impossibk 
to place equal emphasis on all the elements. It is 
necessary, therefore, to decide which elemerts are 
of primary importance and which are secondary 
Fortunately, by exercising close control over two or 
three elements in the cargo, the others will, usually, 
fall within allowable limits. It is believed that mors 
uniform operation of the blast furnace results when 
the slag forming elements are held in close control 
Because of this and because the Leslie grade consti- 
tutes almost one-half of all the ores used by Inland 
silica and alumina are placed in the primary cla 
fication. Iron is watched closely but will be allowed 
to deviate in order to hold the slag forming element 
constant. The goal is to hold the silica and alumina 
within 0.05 pct of the guarantee and iron within 0.25 
pet. If these three elements are within these pre- 


Table tl. Number of Cars and Pockets Required for a 
16,000 Ton Cargo 


Ore Tennage Cars 
B 700 1 
2,400 a4 
27 
18 
2 
i 2 
M 4 
Tot 6.000 200 
. 


Fig. 2—Diagram shows relative position of ore cars to dock 
pockets and dock pockets to vesse! hatches. Even numbered 
pockets contain Leslie ore and odd numbered pockets other 
ores 
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Table IV. Pocket Analysis of a Well Graded Cargo 
x 
= 
Ren Ores Fe 10 Mo Alo & 
~ 
4 BL. &! 50 55 12.2 on 
45 0 85 9.5 ly 
42 26 6 7 242 
) 
~ 
cribed limits, the phosphorus and manganese will 
isuall e near grade 
Be ise the Ande ! primarily a manganese 
grade the ty nere first, Manganese 
econd ‘ ind alumina. If these three element 
ire on grade, the n and phosphorus will usually 
fall int ! Because the | ple nvolved 
the problems « tered are identica gardless 
f which eler ’ eg en { t the grading of 
i typical Le will be d ed. The ship- 
ng grade igs gate t nag le up of many 
‘ i f ea a ble, the blast 
fur? ‘ equire ents Dut lified t what ore are 
iva e to the iw Tt te i jlept. A recent Leslie 
fa tment I 
Ir } t e g tet vary in r 
between 4 ) | 40 between 
mans etwes 40) na () alumina 
‘ ‘ 2 While eac ice at- 
‘ cace Fig. 3—Cross-section of ore pocket shows dumping sequence 
tr j t 1 the varia- and position assumed by ores in the pocket 
a ea exceed the 
tier the ea- 
t i be « t “A iry ir from one to three days in advance of the boat 
es f ) to ¢ 0 and arrival. In delivering the ore the producer gives 
f it i blen Inland the sample numbers, the name of the mine, 
} ble ‘ } hat eac and the sample analyses. The dock is notified that 
" f the ed © that there these cars have been turned over to Inland for their 
within the g Blending of the ores is accomplished at the ore 
docks. All docks at the head of the lakes are built 
Grading of the Cargo jutting out into the harbor so that boats may be 
While there are boat f ind designs car- loaded on both sides. While docks are of all sizes, 
‘ wn the lake 6,000-ton 18 hatch boat the average would have about 175 pockets on each 
: ‘ nsidered ty} The first step in the side. Each pocket has a capacity of five cars. The 
é t ler a con f which W car capacity is 55 tons so each pocket will hold about 
‘ it to the i tee. All the es i 275 tons. Pocket bottoms slope towards the outside 
f ava esa t for gravity emptying, and the face of each pocket is 
n nt th lered equipped with a shut-off gate and spout to conduct 
each irs held t minimur or tent with the ore into the hold of the boat. Two railroad 
nak the guarantes Table II t te a typ al tracks run the length f the dock over each set of 
rds ckets so that the loaded cars may be spotted in 
Orde ire placed week t lays i ivance of { tion and bottom dumped directly into the 
the boat arriva wheneve although sud- pocket Pockets are placed on 2-ft centers along 
ler witche n the vesse hedule by the vessel the dock but since the cars‘are 24 ft overall, only 
lept. may result in ord f much quicker deliv- alternate pockets are used for any given cargo. The 
ery Ure ire isua leclivered Dy the producer modert re boats have th hatches built on 24-ft 
Table V. Pocket and Section Analysis of o Three Section Cargo, Pct* 
Seetion X 18 Pockets Section 18 Pockets Section Z Peckets 
Ren fe r ao Mo Fe r s10 Mor ALO, Fe r so, Mo Alo 
A in Na 0 O55 22 50 oo $5 12.2 0.50 ox 
“ 8 2 4 065 x 70 a7 0 065 8 60 120 1.70 
45 o™ ne 6 4 o™ 4.00 45 oes 9.50 0 60 400 
22 055 12.2 00 5 2.20 050 1.00 
7 65 476 0 065 13.53 0.71 2.24 
Ave ee 47 ms T 7 274 ws 0.70 2.14 0 065 112 0 70 2.39 
* Cargo Average: 46.26 m5. 10.60 ? and 242 espe ely of Fe. P. SIO, M rnd Al 
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centers; this integrates with the 24 ft between 
loaded pockets. Fig. 2 illustrates the relative posi- 
tion of the ore cars, pockets, and boat hatches in 
position for loading. It should be pointed out in con- 
nection with this sketch that by the time the boat 
arrives for loading, the pockets have been filled and 
the empty cars withdrawn. 

The pocket cross-section illustrated in Fig. 3 
shows the sequence of dumping of the cars and the 
position that the ore from each car assumes in the 
pocket. The first, third, and fourth cars are dumped 
from the inside track and the second and fifth cars 
are dumped from the outside track. This sequence 
of dumping results in better intermixing of the ores 
as the pocket is discharged into the vessel hold 

Based on a weight of 55 tons per car, Table II 
gives the number of cars of each ore, the total num- 
ber of cars in the cargo, and the number of pockets 
required for the cargo being discussed. In order to 
assure the best possible blending of the various con- 
stituents in the ores, the dock is instructed by the 
grading office as to the order of dumping the cars 
into the dock pockets. The first car dumped into the 
pocket is referred to as the A car and the sum of all 
the A cars is called the A run. There will, likewise, 
be a B, C, D, and E run. In order to assure the free 
flow of the ore out of the pocket, the A run should 
be made up of wash ore concentrates or other mate- 
rial of coarse, rocky structure. Wash ores are typi- 
fied by high iron, high silica, and low alumina. Ores 
B, L, and about % of ore I would be of this type 
Fifty-eight cars of uniform analysis would be se- 
lected from these ores for the A run. To offset the 
high iron and high silica in the A run, 58 cars would 
be selected for the B run which are lower in these 
two elements. These 58 cars would come primarily 
from ores C and E. 

The third car in the pocket receives the best inter- 
mixing so this position is reserved for the most off- 
grade material. In the cargo this would be the high 
alumina cars in ores F and M. While the alumina 
guarantees in these ores are 4.60 and 5.66 respec- 
tively, some samples would be higher in alumina 
than others and for the C run 58 cars would be 
selected with the highest alumina analysis. There 
would be about another 58 cars of wash ore left and 
these would go to make up the D run. As a result of 
the careful selection of the first four runs, it is usu- 
ally found that the 58 cars remaining for the E run 
are quite uniform and near grade. Table IV illus- 
trates the expected pocket analysis if proper selec- 
tion has been made for each run 


Fig. 4—Side view of ore dock shows cars spotted over pockets 
for dumping. Pockets ore 12 ft center to center 


Fig. 5—Ore spouts lowered to discharging position deliver 
ore from pockets to vessel hold 


Whatever lack of uniformity there is between 
samples within the various runs is minimized by the 
fact that there will be more than one pocket loaded 
into each hatch. In the cargo under consideration 
there are 58 pockets for an 18 hatch boat. If the boat 
is loaded uniformly from end to end, each hatch 
will receive three pockets with four pockets remain- 
ing for boat trimming. The law of averages deter- 
mines that if one pocket in a hatch deviates from the 
average, the addition of one, two, or three more 
pockets will bring the resulting hatch analysis closer 
to the cargo average. Figs. 4 and 5 show a view of 
ore docks and spouts 


Sectioning the Cargo 

It is normal to be able to select four runs of uni- 
form analysis but, oftentimes, there are wide varia- 
tions in the ores remaining for the E run. If this 
Situation is encountered, a method known as sec- 
tioning is used. To use a simple illustration, there 
might be an excessive number of high alumina cars 
remaining for the E run. In the sectioning method 
the 18 cars remaining for the E run with the highest 
alumina would be placed in the first 18 pockets to 
be loaded into the boat. Thus each hatch would re- 
ceive one and only one high alumina pocket. These 
18 pockets would be called section X and the re- 
maining 40 pockets would be called section Y. The 
pockets of section Y would be slightly deficient in 
alumina but the hatch to hatch variations would be 
reduced to a minimum. At times it is necessary to 
break the cargo into three sections, if, for example 
an excess of low silica cars remain for the E run 
Table V illustrates a three section cargo with section 
X off-grade in alumina, section Y off-grade in silica 
and section Z containing the balance 

It will be noted from Table V that there are wide 
variations in the E run and these are reflected in 
the section analyses. However, the boat would still 
get one car of section X and one car of section Y in 
each hatch and finish with section Z. The resulting 
cargo would be uniform from hatch to hatch and 
would make an acceptable furnace feed. Sectioning 
should be used only when absolutely necessary be- 
cause it throws a large additional switching charge 
onto the railroad and also slows down the movement 
of ore through the docks. In times of heavy ship- 
ments, it is vital that every car be emptied and re- 
turned to the mines with the greatest possible dis- 
patch. In cases of extreme analytical variations the 
sectioning method may be extended to runs other 
than the E run. The methods and problems remain 
identical when sectioning other runs 
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Reported Possible With New Techniques 
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flame emits a steady radiation in the 4100 to 

ld. The radiation arises primarily from the 
carbon monoxide, but during the dephosphorization 
period another steady emission in the range 7025 to 
7325A takes place and the ratio of red to violet ra- 
diation increases considerably. Towards the end 
point of conversion, however, there comes a rever- 
ion to a greater intensity of violet radiation and 
the value of the intensity ratio falls slightly 


Converter Fume 
The behavior of the converter flame radiation as 
jetermined by these methods has been shown to be 
attributable to the production of different types of 


fine iron oxide fume during the progress of conver- 


n. The variation in radiation wavelength can be 
ittribduted tf the fine particles of fume that act a 
enters of lightscatter according to Rayleigh’s prin- 
ciple. During the early period of the blow the fume 
very finely divided and the scatter is thus in the 


hortwave range. As the carbon is eliminated and 


the afterblow takes place the size of the fume par- 


cles increases and the radiation scatter is thus 
pushed over to the longer wavelengths In the final 
tages the production of a proportion of fine fume 
eads to the shorter wavelength scatter and a slight 
luction of the red to violet radiation intensity ratio 
The wat in which intensity of flame radiation 
and the corresponding fume particle size vary corre- 


ate very closely with the variation in bath tempera- 
ture throughout the course of the blow. From this 


t was concluded that the production of converter 


furne due to the intensely high temperature 
which is generated at the point where the blast en- 
te the metal Thi temperature is sufficient to 
ause actual volatilization of the metal which is then 

nverted to oxide actually in the vapor phase. The 
perfectly spherical particles which make up the 
ime re strong evidence of this and the higher the 
temperature of the bath, the larger the sphere can 


become before it is ejected to the cooler parts of the 


converter and growth therefore ceases 
It was found that if the bath temperature at the 
moment of maximum long wave radiation intensity 


is known, then an accurate prediction of the final 
phosphorus content can be made. Provided that both 
the continuously recording radiation pyrometer and 
the spectroscopic photometers are functioning prop- 


erly, it is possible by this means to operate the basic 
Bessemer converter with a degree of analytical con- 
rol approaching that of the much slower open 
hearth furnace 
Reference 

F. Wever, W. Koch, H. Hofermann, B. A. Steinkopf 
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Temperature Gradient Zone Melting 


Under certain conditions, a molten zone can be made to move through a solid by 
impressing a stationary temperature gradient across the solid. This phenomenon 
can be utilized in fabricating semiconductive devices, growing single crystals, joining, 
boring fine holes in solids, measuring diffusivities in liquids, small scale alloying, and 
purification. Fundamentals and exemplary applications are outlined. 


A NEW aspect of the travel of a molten zone 
through a solid is considered in this paper 
Whereas, in previously described zone melting tech- 
niques, zones were usually caused to move by 
changing the 


temperature of a heat 
source, in the present technique a zone is made to 


osition OI 
move by impressing a temperature gradient across 
it. For example, a thin layer of molten Al-Si alloy, 
sandwiched having a 
temperature 
ravel through the hotter slab 
perature gradient zone melting, as this technique 


between two silicon slabs 
gradient normal to the layer, will 
One feature of tem- 


zones of unusually small 
This leads to such 
diverse uses as have been listed in the abstract. In 
movement of a 


will be called here, is that 


dimensions can be maintained 


5 fundamentals of the 
molten zone in a temperature gradient, and some 


practical applications thereof, are outlined 


Assumptions 
The movement of a molten zone through a solid 
body of solvent substance in which a temperature 
The length of the 
zone will be its dimension in the direction of motion 


gradient will be 


gradient exists will be discussed 


The direction of the temperature 


toward the region of higher temperature. To be con- 


sidered is a binary or higher order solute-solvent 


system in which the concentration of solute in the 


molten zone is sufficient to produce a lowering of the 
freezing temperature of the so!vent which is at least 
of the order of the temperature range impressed on 
the charge While we discu primaril nolten 
zones in a solid matrix, the principles are applicable 
to solid or vaporous zones in a solid matrix, a re- 
quirement being that the diffusivity in the zone be 
ubstantia great than in the matrix Diffusion 
f nto the irt inding solid will be a imed 


ible. In general, its presence will not basically 
alter the conclusions to be drawn 

ustration, a system represented by the par- 
tial constitutional diagram of Fig. la will be dis- 
cussed. in which k, the distribution coefficient de- 
than unity 


the technique is applicable to any solute- 


is 


fined in the figure, is constant and less 


However 
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Fig. 1—Temperature gradient zone melting scheme shows 
@—portion of phase diagram, b—temperoture gradient in 
system, and c—physical system comprising molten zone con 
taining A and B traveling through solid A 


olvent system in which one compenent lowers the 


meiting point of another component 


Movement of a Molten Zone in a Temperature Gradient 


Consider, in the ysten AB of Fig 1, where B is 
designated the te and A the lvent, the effect of 
sandwiching a thin layer of solid B between blocks 
iA nd the wh na temperature 
gradient such that the temps ture of the layer i 
above the lowest eit te t ture f the tem 
Su unded |t an exce the layer will d olve 
1. olter na expand in lenet? As so 

‘ eA 
the 
it of A continus t both ce the mean 
olute concentrat the ne ove ti the 

ht in Fig. la at te ‘ ture T, the juid a 
the cools nterface re th centra 
tion ( Solution i thereupor ses because the 
liquid T sturate with A The suid at the hot 
te end of the zone, b« y at te perature 7 not 
saturated with A at concent tion C Hence ylutior 
of A continues there and concentration C, is af 
proached. A concentratic adient therefore is set 
up in the zone. causing it 1iffuse ward the coo! 
end and B toward the hot end. As a result, the liquid 
at the cool interface be ‘ ime at ted and a 
laver of crvystallins 1 containing mcent tion kC 
of B in solid solution freeze Since a source of A 
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Fig. 3—Diogram il 
lustrates molten zone 
of rectangular cross 


section troversing o 
solid in the direction 
the temperature 
gradient 
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In general, however, despite these forces, the 
shape of the zone will tend to remain the same in a 
uniform temperature gradient because the tempera- 
ture gradient has a stabilizing effect on zone shape. 
In order for the zone to change its shape, parts of 
its boundary must move with respect to others. But 
the zone is essentially saturated at its sides and tends 
to be stable there and can move its forward and rear 
interfaces in but one direction: the direction of the 
temperature gradient. As a result of this stability of 
form, a very thin molten zone, of the order of 10” 
cm or less in length and of the order of 1 cm’ or 
more in area, can be made to travel many zone 
lengths without major change in form. 

If the temperature gradient is not uniform (lines 
of heat flow being nonparallel), a flat zone like that 
of Fig. 2 will be unstable and will tend to break up 
or elongate. Practical implications of this are: 1— 
if a flat zone is wanted, the temperature gradient 
should be uniform and 2—by using diverging lines 
of heat flow, a zone of very small lateral dimensions 
can be produced as a zone in such a temperature field 
will tend to elongate and to contract laterally 


Applications 

Semiconductive Devices: Temperature gradient 
zone melting makes possible a new approach to the 
fabrication of semiconductive devices such as diodes 
and transistors. It has certain advantages over exist- 
ing techniques in producing conventional designs 
and it makes possible new designs involving com- 
plex p-n junction shapes. 

A large area p-n junction which was made by 
sandwiching an 0.005 in. sheet of aluminum between 
two 0.1 in. blocks of silicon and placing the whole in 
a temperature gradient is shown in Fig. 4. The alloy 
layer has traveled most of the way through the 
upper block, depositing behind it single crystal p- 
type silicon having the orientation of the lower n- 
type block which served as a seed. The freezing of 
the Si-Al eutectic has resulted in a partial break-up 
of the originally continuous zone and has cracked 
the neighboring silicon. A feature of the tempera- 
ture gradient technique is that thicker layers can be 
grown than in the usual alloy technique** and hence 
that solidification strains occur far from the p-n 
junction, where they are much less harmful. In 
practice the zone can be swept to the outer surface 
of the block, where it can either be removed or used 
as an electrical connection to the swept region 

Line or dot zones, small in one or two lateral di- 
mensions, respectively, can be swept through a block 
without major change of form. By this means, a thin 
p-type layer or thin p-type rods or lines can be 


Fig. 4—Large creo p-n junction wos produced by sweeping on 


aluminum-rich zone through upper silicon slab. Original magnifice 
tion, X8. Area reduced approximately 35 pct for reproduction 
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Fig. 5—Thin p-type layer was produced by sweeping an oluminum 
line zone through an n-type germanium block Cross-section wos 
perpendicular to line zone. Origine! magnification, X75. Ares 
reduced approximotely 35 pct for reproduction 


produced in an n-type block. Fig. 5 is a cross-section 
of a p-type layer about 0.006 in. thick produced by 
sweeping an aluminum line zone through a block of 
n-type germanium. Penetration rates for aluminum- 
rich line zones traveling through germanium were 
about 1.5 mm per hr at a temperature gradient of 
about 100°C per cm 

It has been observed that if the zone is small 
~0.003 in. in one or more lateral! dimensions as in 
Fig. 5, the crystal orientation of the block bein: 
traversed prevails, even if a seed of different orien 
tation is used. This self-seeding feature is desirable 
in making n-p-n junctions because it eliminates 
grain boundaries which would tend to impair the 
electrical properties of the junction. It should be 
noted that the p-n barrier forms at the side of a line 
zone, in contrast to the large area barrier of Fig. 4 
which formed for the most part at the initial loca- 
tion of an area zone 

A line or dot zone need not travel through a block: 
it may traverse its surface as well if the tempera- 
ture gradient is imposed parallel to or slightly away 
from the surface. By this means, p-n junctions par- 
allel to a surface can be produced 

A coating of complex shape can be deposited on 
the surface of a block and then swept through the 
block, normal to the surface, to produce internal 
p-n or n-p-n barriers of corresponding form 

Molten zones will follow the direction of maxi- 
mum temperature gradient quite faithfully By 
changing the direction of the gradient as a zone 
travels, it can be made to follow a complex path 

Single Crystals: From the foregoing it is clear 
that temperature gradient zone melting can be used 
to grow a single crystal: and. in fact temperature 
gradient techniques, using much larger volumes of 
liquid, have been reported.’ Use of a short large 
area molten zone for this purpose has a number of 
advantages, among which are 

1—The apparatus is simple and has no moving 
parts and even the temperature need not be altered 

2—The volume of liquid is so small that a con- 
tainer ls unnecessary and contamination and nuclea- 
tion therefrom are avoided 

3—Since the volume of liquid is small, since the 


temperature drop in the liquid is small, and sinc: 
stirring and convection are absent, the probability 
of spontaneous nucleation is minimized 

On the other hand, a foreign substance will be 
present in solid solution—although innocuous one 
can be used—and exces ve temperature gradients 


can cause strains 
Joining: The method of Fig. 4 may be re garded a 


a joining method in which the molten zone acts a 
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length | and short interzone spacing d which are 
desirable in zone refining are readily attained with 
the temperature gradient technique. The method 
can be used to remove insoluble particles, such as 
eutectic, from an alloy. By heating it above the 
eutectic temperature in a temperature gradient, the 
particles will be caused to form dot zones which will 
migrate to the hottest surface 

Miscellaneous Fabrication Techniques: By ad- 
vancing into a block a wire zone extending entirely 
through the block and then blowing out the molten 
material, an extremely fine hole can be produced 
By heating a plated wire by [°R heat and simulta- 
neously cooling it, a radial temperature gradient 
will be set up which can cause the plated material, 
if properly chosen, to migrate to the wire axis. In 
general, a surface layer can be caused to move to the 
interior or to another part of the surface of a solid 
body 

Summary 

The simplicity of the temperature gradient idea, 
the variety of its possible applications, and the fact 
that it does not appear to have been exploited, lead 
to the conclusion that it will be utilized in several 
fields of technology. While it has been discussed 
here in somewhat idealized fashion, sufficient ex- 
perimentation has been done to demonstrate the 
validity of the basic ideas 
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Phase Equilibria in the System FeQ-Fe.0O,-SiO, 


Liquidus data are presented for mixtures in the ternary system FeO-Fe.O0,-SiO. 
in equilibrium with a gas phase with O, pressures ranging from 10 "" to | atm. Dato 
obtained are combined with previously published data to construct lines of 7 0, 


pressures and lines of equal CO. H, mixing ratios along the liquidus surface 


ourses 


of crystallization of selected mixtures under conditions of constant total composi- 
tion, constant O, pressures, and constant CO. ‘H, mixing ratios are discussed. 


HASE equilibrium studies of silicate systems 

where iron is one component are complicated by 
the fact that iron readily occurs in three different 
states of oxidation: Fe”, Fe”, and Fe’. Success or 
failure in work with iron silicate systems is to a 
large extent dependent on control of the oxidation 
state of iron and all investigations therefore must 
be carried out under carefully controlled atmos- 
pheric conditions. Silicate systems containing only 
strongly electropositive metals (like Na‘, Ca”, Mg”, 
etc.) can, for simplicity, be treated as condensed 
systems, that is, the gas phase can be neglected and 
the phase relationships discussed in terms of the 
phase rule written in the well known simplified 
form P + F C + 1. In the case of iron silicate 
systems, however, the composition of the condensed 
phases varies with the gas composition, and a com- 
plete picture of phase relationships can be obtained 
only by varying the gas composition over a wide 
range 

In order to understand the phase relationships in 
the more complicated multicomponent silicate sys- 
tems with iron oxide as one of the constituents, a 
knowledge of the ternary system FeO-Fe,O,-SiO, is 
essential, since it constitutes a bounding portion of 
all such systems. It was with this in mind that the 
present study was undertaken 


Previous Work 
A considerable amount of work has been done on 
various aspects of the chemistry and metallurgy of 
systems containing silica and iron oxides. The two 
bounding binary systems FeO-Fe,O, and FeO-SiO,* 


* The system FeO-SiO, can be pictured as a binary system only 
when the small but inevitable amount of trivalent iron in the melt 


have been worked out in detail, but no complete in- 
vestigation of the phase relationships of the ternary 
system FeO-Fe,O,-SiO, has been reported 

Darken and Gurry’* investigated phase relation- 
ships for the system FeO-Fe,O,, including a study of 
the variation in the composition of liquid and solid 
phases as a function of temperature and O, pressure 
Bowen and Schairer’ adapted the quenching tech- 
the study of iron silicate systems under 


nique t 
reducing conditions, making the runs in iron cru- 
cibles in an inert atmosphere. The first system to be 
studied with this technique was FeO-SiO, 
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The first attempt to obtain information on phase 
relationships of iron oxide-SiO, mixtures at dif- 
ferent O, pressures was made by Greig. Darken* 
determined the melting points of iron oxide on solid 
silica under various atmospheric conditions. Darken 
did not determine experimentally the composition 
of the melts at liquidus temperatures but discussed 
very ably the principles involved in applying the 
phase rule to the system 

In a recent study Schuhmann, Powell, and Michal!" 
determined experimentally the liquidus surface of 
a portion of the ternary system and combined the 
new information with data in the literature to con- 
struct a phase diagram. Their method was briefly 
as follows 

Homogeneous mixtures with various contents of 
SiO,, FeO, and Fe,O, were made up by melting to- 
gether stock mixtures in various proportions. Sam 
ples of the homogeneous mixtures, the compo 


of which were determined by chemical analysis 
were then heated in platinum crucibles in an inert 
atmosphere until equilibrium among the condensed 
phase s was achieved The sample were quem hed 
to room temperature and the phases present deter- 
mined by microscopic examination. Assuming that 
no change in composition takes place during the 
equilibration run in inert atmosphere, the liquidus 
surface can be determined, but no information is 
obtained regarding the partial pressures of O, of the 
gas phase in equilibrium with the condensed phases 

The author's method, to be described in the next 


section, permitted the location of points at the 
liquidus surface as well as a calculation of the cor- 
responding partial pressures of O 


Experimental Method 


General Procedure: The standard quenching tech- 
nique was adapted for a study under controlled 
variable atmospheric condition Premelted nm 
tures of silica and iron oxides in platinum envelopes 
were held at constant temperature under chosen at- 
mospheric conditions until equilibrium was reached 
among solid, liquid, and gas phase The sample 
was then quenched to room temperature, the phases 
present identified, and, for the most significan 
the composition was determined by chemical analy- 
sis. The corresponding partial pressure of O, was 
calculated from known equilibrium constants of the 
gas reactions occuring in the furnace atmosphere 

Materials: Starting material 
mercially highest available purity; cp silicic acid 
was dehydrated by heating to 1350°C for 6 br and 
cp Fe,O, was dried at 400°C for the same length of 
time. Samples of 10 g were made up by mixing 


were oxides of com- 
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of approximately 1 cm per sec through the furnace 
tube 

The flow meters were calibrated individually with 
the various capillaries, using a standard wet test 
meter. The method was checked in preliminary 
experiments with conventional gas analysis tech- 
niques (CO, absorbed in a 30 pct solution of KOH 
and H, burned with O,) 

Furnace: The furnace used for the quenching ex- 
periments was a vertical platinum-wound tube fur- 
uace of standard design as far as heating element 
and insulation were concerned. In order to obtain 
reliable control of the atmospheric conditions dur- 
ing the runs, some modifications of the standard 
quenching arrangements were introduced. A gas- 
tight high temperature refractory porcelain tube 
was inserted inside the heating element and pro- 
truded above and below the furnace. The top of the 
tube was sealed by a water-cooled brass head with 
a rubber gasket. The brass head had a central bore 
through which a refractory protection tube could be 
inserted and clamped in gas-tight connection. Two 
identical interchangeable protection tubes were used, 
one for the thermocouple wires and one for the 
platinum quench wires supporting the envelopes 
with the charges. The thermocouple was never kept 
in the furnace simultaneously with the charges. Be- 


fore and after each equilibration experiment, which 
was carried out with the usual quenching technique, 
the thermocouple tube was inserted through the 
brass head bore and the temperature measured. The 
lower end of the furnace tube was closed by a closed 

ip device for quenching in mercury. This device 


be replace | by a copper! block in 


ples for analy were quenched. The 
was introduced into the furnace from 


escaped at the top through a wash bottle containing 


H.SO,. In this way a pressure slightly in excess of 
itmospheric was maintained within the furnace, 

responding to the head of the H,SO, in the wash 
bottle, approximately 5 mm Hg. The main advan- 
tage of this arrangement is that leaks or irregular- 


ities in the gas mixture line or in the furnace im- 
mediately show up 

emperature Control and Measurement Te m- 
| ures were measured before and after each run 
with a Pt—Pt-i0 pct Rh thermocouple which was 
frequently calibrated at melting points defined as 
follows: Au, 1063°C; CaMgSi,O,, 1391.5°C; CaSiO,, 
1544°C. Literature values for temperatures on the 


Geophysical Laboratory scale are used wi 


rection up to 1550°C, the upper limit of t riginal 
scale. Temperatures above 1550°C are adjusted to 
the 1948 International Scale by use of the correction 
data of Corruccini’ and of Sosman.” 

The furnace temperature was controlled by a sec- 
ond thermocouple inserted close to the heating ele- 
ment and connected through compensating lead wires 
to a Celectray controller. The temperature gradient 
at the hot spot did not exceed 1° over 1 in. at 1450°C 

Identification of Phases: The phases present were 
determined by examination under the microscope 
using both transmitted light and reflected light. The 
identity of the phases was further confirmed by 
X-ray techniques using Fe-radiation with a Norelco 
X-ray spectrometer unit. The X-ray technique could 
not be used as a means to determine liquidus tem- 
peratures, since the melts, with some exceptions, 
were exceedingly fluid and gave rise to dendritic 
quench crystals even with the fastest quenching of 


small samples in mercury. In polished sections, there 


TRANSACTIONS AIME 


Each 
iJ 
elow and 
iried with CaSo, 
mixer The rate 
te 


was no difficulty in distinguishing primary magnetite 
and primary wiistite from corresponding crystals 
formed during quenching. Tridymite was easily 
identified both in transmitted light as well as in 
reflected light, whereas fayalite was best recognized 
in transmitted light. Some difficulty was experi- 
enced in distinguishing primary from quench- 
formed fayalite, but the former were in all cases 
much larger and better developed than the latter 


Table |. Composition of Liquid at Various Temperatures and 


O, Pressures 
Final Composition 
Tempera- Mixing by Analysis, Wt Pet 

ture, Ratic, Po, 

co. Atm FeO FeO, SiO; 
1201 35 10 66 6 12.1 21.3 
1198 3.5 10 65.8 10.6 23.6 
1198 3.5 10 62.9 90 28.1 
1200 35 10 59.0 66 Ma 
1200 10.) 0 60.4 15.5 24.1 
lige 10.1 10 58.4 14.0 27.6 
119% 10.1 10 56.0 10.0 40 
1301 28 10 68.2 13.5 18.3 
1296 28 10 674 11.3 217 
1298 28 10 62.8 89 28.3 
1298 28 10 59.7 5.0 35.3 
298 75 10-* 63.4 19.1 17.5 
100 75 10-* 61.0 17.4 216 
303 75 10-* 60.0 122 27.8 
299 75 10-* 56.5 9.3 342 
1299 23.6 10 56.0 21.8 222 
1x 23.6 10 55.0 17.0 34.0 
1306 23.6 10 52.1 13.9 34.0 
403 202 10-4 59.0 32.0 9.0 
1404 20.2 10-¢ 56.8 214 218 
1399 20.2 10 53.4 182 28.4 
1401 20.2 10-* 52.0 13.1 “eo 
1398 65 10 48.9 28.7 22.4 
1401 85 48.8 23.0 28.2 
1400 t 10 469 18.6 45 


Method of Chemical Analysis: Due to reaction 
between the platinum envelopes and the melts, it 
was necessary to determine by chemical analyses 
the total amount of iron oxides as well as the ratio 
FeO/Fe.O, for critical runs. No analysis for piati- 
num in the melts was made, but Darken and Gurry 
found that negligible amounts of platinum dis- 
solved in iron oxide melts under conditions simila: 
to the present. The loss of iron due to alloying with 
the platinum envelope, which increases with de- 
creasing O, pressures, did not prevent equilibrium 
from being reached in the melts under study. It was 
found that the platinum envelopes were saturated 
with iron with respect to the melts after a period 
of 2 to 5 hr, whereas the FeO/Fe,O, equilibrium in 
the melt is established in 1 to 2 hr. In order to 
make sure that equilibrium was achieved, the runs 
were kept in the furnace for a period of 8 to 12 hi 

Before analysis, the samples were crushed in a 
Plattner mortar to pass a 100 mesh screen. For the 
determination of divalent iron, 0.1 to 0.2 g samples 
were heated to boiling in 20 ml 1:3 H,SO, in a cov- 
ered platinum crucible. When steam evolved, 5 ml 
HF was added and the solution allowed to boil 
slowly for 5 to 10 min. The crucible was then 
plunged into a 600 ml beaker containing 5 pct H,SO 
saturated with boric acid, and the solution was ti- 
trated with 0.05-normal KMnO,. Total iron content 
was determined by dissolving 0.1 to 0.2 g samples 
in 20 ml] 1:3 H.SO, and 5 ml! HF in a large platinum 
dish and heating on a hot plate until all HF was 
driven off. The dish was cooled, the contents diluted 
and reduced by running it through a Jones’ reductor, 
and then titrated with 0.05-normal KMnO, The 
trivalent iron was calculated as the difference be- 
tween total iron and divalent iron 

Two uncertainty factors are involved in the anal- 
yses: In a large number of cases it was found diffi- 
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cult to separate the samples from the thin platinum 
foil of the envelopes. Careful grinding and screen- 
ing of the samples helped considerably, but traces of 
platinum remained in a number of samples. This 
undissolved platinum was filtered off, dried, weighed, 
and subtracted from the original weight of the 
sample. Since the platinum contained some unknown 
amount of iron picked up from the sample during 
the run, this introduces an uncertainty in the ana- 
lytical results. As previously mentioned, it was 
practically impossible to prevent dendritic crystals 
from forming even with the fastest quenching. This 
process could conceivably, at the same time, change 
to some extent the ratio between divalent and tri- 
valent iron. In a series of preliminary tests, how- 
ever, it was established that rate of quenching did 
not significantly affect composition as long as the 
samples were quenched in the equilibrium atmos- 
phere. Similarly, Darken and Gurry found’ that the 
effect of rate of quenching on composition was 
slight in their experiments at low oxygen pressures 
Since it is difficult to remove all traces of mercury 
from a sample quenched in this medium, quenching 
the samples for analysis in a copper block attached 
to the bottom of the furnace tube was preferred 


Results 

As pointed out previously, the composition of the 
condensed phases is a function of the gas composi- 
tion in the system under study. Thereby one vari- 
able in addition to those dealt with in most dry 
ternary silicate systems is introduced. This com- 
plicating factor has to be taken into account when 
the plan of attack is made up for obtaining the 
necessary data to construct the diagram, and it has 
to be kept in mind in presenting the results 

Although the determination of liquidus tempera- 
tures for different compositions within the ternary 
system was the primary object of this investigation 
it was thought desirable first to obtain more infor- 
mation regarding the ratios between FeO and Fe,O 
in homogeneous melts above the liquidus tempera- 
ture as a function of temperature and O, pressurs 
With such data at hand, it is possible to attain a 
desired composition in the system FeO-Fe,O,-SiO 
and the phase studies can be made in a systematic 
manner. A study was therefore made of the com- 
position of melts in equilibrium with gas phase at 
O, pressures of 10 to 10* atm at 1200°, 1300°, and 
1400°C. The results of these experiments are given 
in Table I and illustrated in Figs. 1, 2, and 3. In 


each of the diagrams, a light line encloses the area 


in which all compositions are one homogeneou 
liquid at the temperature represented by the dia 
gram. Circles represent composition of mixture 
studied and heavy lines are O, isobars. At these 


temperatures, experiments were not run at lowe! 
O, pressures than those shown because the incre 
ingly high escaping tendency 
the attainment of equilibrium. These curves, con 
bined with data available in the literature, give a 
reasonably complete picture of the composition of 
the melts as a function of temperature and O, pre 
sure and serve as a guide for the main part of the 
investigation, the phase equilibrium studie 
In ordinary dry phase diagram work, the pro- 
cedure consists in keeping all independent variables 
constant except one, namely, the temperature. In 
other words, the total pressure is kept constant, the 
total composition is kept constant, and the change 
in phase assemblages caused by a change in tem- 
perature is observed. In the present system, how- 
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Fig } Diagram of a port of the system FeO Fe.6.-Si0, is 
shown ft llustrote relationship of liquid and gas composi 


brium ot 1200°C. Compositions in the area en 
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cles represent the compositions, os shown by analysis, of liquids 
in equilibrium with a gos phase ot O, pressures of 10° and 
tm Heovy lines approximetely possing through the 
curcles are isobors 
Fig. 2—Diegram of port of the system FeO-Fe,0,. SiO, is 
given tromshig quid and gas compositions 
» equilibrium at 1300°C mpositions im the area enclosed 
by th ght ne ore moletely wuid ot 1300°C Circles 
represent the compositions, as shown by analysis, of liquids in 


cq t m with oa st O. pressures of 10 10 


phas 
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Fig. 3—Diagram of a part of the system FeO-Fe.0,-SiO, is 
shown to illustrate relationship of liquid and gas compositions 
in equilibrium at 1400°C. Compositions in the oreo enclosed 
by the light line are completely liquid at 1400°C. Circles 
represent the compositions, as shown by analysis, of liquids 
in equilibrium with a gas phase at O, pressures of 10° and 
10° atm. Heavy lines approximately passing through the 
circles are O, isobors 


When working 


method would be very impractical 
, sed system and also in an open system with 
ert tmosphere and charges of high FeO/Fe.0, 
t the constancy of total composition is theo- 
etically closely obtained. However, no crucible 
terial has been found which does not react with 
the iron-silicate melt and, therefore, the ideal con- 
lit f constancy of composition is not realized in 
practice 
The cond possible procedure is to keep the O 
re ire constant while lowering the temperature 
rT} method the one actually used in the case of 


ir or at 1 atm O 
At low QO, pre ires, 
mixing CO 


desired atmos- 
and H,, the same 
ractical, 


where the 


obtained Dy 


procedure would be possible but not very f 
ce the mixing ratio of the two gases would have 
t ijusted every time the temperature is changed 
In th ase of runs made at low O, pressures, it was 
there e found more practical to keep the CO,/H, 
rat onstant at all temperatures for each mixture 
The determination of the temperatures along the 
boundary curves silica-fayalite and fayalite-wiistite 
easily accomplished when, during crystal- 
ation of the olid phases, the composition of the 
juid move along a path perpendicular to the 
bounda curve Tt s approximately the case 
when mixir itio CO,/H, is kept constant but not 
when O, pressure is kept nstant. For these rea- 


i } he quenching experiments for a par- 


ticular mixture were made at constant ratio CO,/H, 
The results of the quenching experiments are 
given Wu Table Il and drawn in Fig. 4, the yhase dia- 


constructed by combining data of tt 
nvestigation with data published by various other 


The join FeO-Fe,O, was constructed 


present 


from data of Darken and Gurry The construction 
f the bounda curves iron-wustite, iron-fayalite, 
and iron-silica was based ainly on the data of 
tower! for the ter FeQ-SiO In 
the low silica portion of the boundary curve iron- 
wiistite. the agreement among data of Bowen and 
Schairer’® and those of Darken and Gurry, and of 
Ensio and Schuhmann’ is not very good. In the 
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Table Ii. Results of Quenching Experiments 


Calculated Final Composition 
Tempera- 
Mixing ture ef Run Po, Atm, at by Analysis, Wt Pet 
Ratiec, Phases fer Analysis, Liquides 
CO./H: Present* Temperature FeO FeO, S10) 
1.10 Liq 1330 77.6 93 
Wus Lig 
161 Liq 1347 10: 75.3 16.5 82 
+ Lig 
5.10 Liq 
Wus. (tr) + Lig 1355 10-7* 67.7 25.0 73 a 
Wus 
10.6 Liq 
Wis. + Liq 1382 10-48 639 294 6.7 aa 
1.68 Liq 
Wis. + Liq 1291 75.7 10.9 134 
2.45 Liq 1308 10-+¢ 70.0 17.4 12.6 
Wis. + Liq 
741 Lig 
Wis. (tr) + Lig 1288 10+ 65.2 219 12.9 
Ww 
15.7 Liq 
Magn. (tr) + Liq 1335 10-" © 61.3 27.0 11.7 
Magr Liq 
1.72 Liq 
Wus. + Liq 
Ww Liq 1241 10-288 72.0 10.0 18.0 a 
Wu Fa 
2.61 1255 Liq ae 
1247 (tz Liq 
24 Wiis. + Li 1257 10+ 69.3 13.8 16.9 
117 Wis Liq 
1158 Wu Fa 
4 901 Liq 
27 Liq 1297 604 22.9 165 
4.12 206 Liy 
19 Wus Lig 
1167 wu Liq 1208 10" 67.3 12.0 20.7 
11¢ Wis Fa 
6.92 12 Liq 
] Wus Liq 
V Liq 1205 10-8 “6 15.5 19.9 
W F 
2.18 Liq 
F Liq 1181 10 68.0 79 24.1 
56 Lia 
Liq 1169 65.7 114 229 
1 20¢€ Liq 
19 Liq 
a Liq 1204 10-4 602 16.1 23.7 
42 F 
22.8 02 
2a F Liq 1296 10-4 55.2 22.7 22.1 
3.96 Lig 
69 Liq 183 10-2 640 27.6 
8.26 ‘ Lic 
Liq 1162 10-«* 612 12.1 26.7 
58.0 2 ’ 
29 F Liq 1226 10-4 1 256 25.3 
3.42 Lig 
69 Liq 1180 0 602 54 Ma 
911 Liq 
F Liq 168 10" 57.6 90 13.4 
29.6 92 Liq 
" Liq 1193 10-4 53.0 138 33.2 
864 2 Liq 
26 Mag Trid 1308 10-46 468 21.1 32.1 
45 252 Liq 
201 T Liq 
1147 Trid Liq i244 10 97 35.9 
1142 Trid Fa 
12 1247 Liq 
232 Trid Liq 
187 Trid Liq 251 52.1 
Trid Mag 
51.6 64 Liq 
302 Tr Liq 348 404 152 
76.2 408 Liq 
72 T Liq 
Trid Liq 411 47.0 18.7 4 
271 Tr Mag 
16 1512 Liq 
1472 Tria Liq 1492 10- “7 16.1 72 
1472 Liq 
146 Mag Liq 474 0 218 659 12.3 
as Mag rid 
1464 Trid. ‘tr Liq 1483 23.2 556 212 
1455 Tr Mag 
at 464 Liq 
457 Mas i78 68.3 29 
145 Mag 
F at 1404 I q 
1488 Maen. Lig 
1456 Magr Liq 1473 10° 17.7 67.1 152 
Mag Trid 
A bbre t . he bie have the following meanings: Liq is liquid, Wis. is crystals of wistite, Magr s crystals of magnetite, Fa 
present paper, the curve in this region was drawn tures at the boundary curves for higher silica con- 
as a smooth curve in better agreement with phase tents, their value for the incongruent melting point 
principles than was the case in the original paper of of wiistite (1380°C) and composition of liquid at 
Bowen and Schairer. Since the data of Bowen and this point (11.5 wt pct Fe,O,) were used rather 
Schairer were used for compositions and tempera- than the values of Darken and Gurry. The bound- 
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ink! A trie nase elationst Dat 
ar t tr ‘ licated lashed ¢t inda curve 
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q is) wit! nere lica content and incr¢ - 
ng juidus temperature the extreme left-hand 
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Fet) 
lhe i i n F 5 and 6 were constructed 
i t sstrate tne elationship betwee the 
11d and nase equ 
‘ ia iré for pe I 
ht dast me 
f ‘ f equal CO./H xing it hese 
ted lata sum- 
nd II with those in the litera- 
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Fig 4—Phase equilibrium diagram is presented for the system FeO 
Fe.0.SiO.. Circles represent compositions, as shown by analysis, of 


mixtures at liquidus temperotures Light Imes ore liquidus isotherms 
at 100°C intervols and heovy lines ore boundory curves, with or 
rows pointing in the directions of falling temperotures The tri 
dymite-cristobalite boundary curve is dashed. Medium lines with 
stippling on one side indicate limit of two liquid region 
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Fig. 5—Phase equilibrium diagram is shown for the system FeO- 
Fe.0,-SiO,. Heevy lines are boundary curves and dash-dot lines are 
lines of equal ©, pressures for points on liquidus surface. Lines 
with stippling on one side indicate limit of two liquid region. 


in composition, corresponding to the chemical for- 
mulas SiO, and 2FeO-SiO,, respectively. In the 
mary fields of silica and fayalite, therefore, the 
The varia- 


pi 
fractionation curves are straight lines 


tions in compositions of wiistite and magnetite as 
a function of temperature and O, pressure were 
determined by Darken and Gurry The data of 


these authors were combined with data obtained in 
the present investigation to construct fractionation 
curves in the wiistite and magnetite fields as shown 
in Fig. 7. The composition of the crystalline phas« 
in equilibrium with a liquid is represented by the 
point of intersection of the FeO-Fe,O, join and the 
tangent to the fractionation curve at the point rep- 


resenting the liquid composition 


Paths of Crystallization 
In ordinary dry ternary silicate systems, the paths 
crystallization under equilibrium conditions are 
from the changes in 


jetermined unambiguously) 


composition of liquid and crystalline phases accom- 


panying a change in temperature. In other words, 
urves representing paths of crystallization can be 
constructed from a knowledge of the liquidus sur- 


ace and fractionation curves. In a series of papers 
from the Geophysical Laboratory (for example, 
those describing the systems CaQO-Ai,O,-SiO,,” CaO- 
MgO-FeO-SiO,,” and CaSiO,-Ca,MgSi.0.- 

found of 
crystallization phenomena in such systems. For the 
system FeO-Fe.O,-SiO,, however, in addition to the 


‘*hanges in 


Ca,ALSiO,"), classic descriptions may be 


‘ composition of the condensed phases, 


variation in composition of the gas phase during 
the crystallization process must be taken into con- 


sideration. Consequently, crystallization under equl- 
librium conditions in this case is described in terms of 
three variables in addition to temperature, namely, 
the composition of the liquid, crystalline, and gas 
variables in 


representation of all these 
a single diagram would result in a confusingly large 
For this reason, the different vari- 
ables are shown in separate diagrams. The phase 
diagram in Fig. 4 shows the liquidus surface with 
isotherms and thus gives the relationship between 


number of lines 


temperature and composition of liquid. Fig. 5 is a 
representation of liquidus surface and O, isobars, 
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thus relating liquid composition to partial pressure 
of O, in the gas phase in equilibrium with liquid 
Similarly, the fractionation curves in Fig. 7 illus- 
trate the relationship between compositions of 
liquid and crystalline phases in equilibrium 

On the basis of these diagrams, it is possible to 
derive the paths of crystallization under various 
conditions. The relationships can best be discussed 
in terms of three different idealized cases, namely, 
l—the total composition of the condensed phases 
remains constant, 2—the O, pressure is kept con- 
stant, and 3—the CO,/H, mixing ratio is kept con- 
Stant 

Throughout the following discussion, it is assumed 
that perfect equilibrium always exists among gas, 
liquid and crystalline phases, and that heat is con- 
tinually removed from the mixtures 

Constant Total Composition of Condensed Phases 

The derivation of paths of crystallization under 


conditions of constant total composition of con- 
densed phases involves mainly principles well 
known from ordinary dry silicate systems The 


curves representing paths of equilibrium crystalliza- 
tion are constructed from the fractionation curves 
on the basis of postulating constant total composition 
of condensed phases. The only additional complica- 
tion in the present case arises from the fact that the 
O, pressure must change uously during crys- 
tallization in order to maintain equilibrium among 
crystalline while the total 
composition of the condensed phases remains con- 


contin 


liquid, and gas phases 


stant. The relationships can be explained by con- 
sidering the paths of crystallization of typical mix- 
tures 

Fig. 8 shows an enlarged portion of the ternary 


system FeOQ-Fe,O,-SiO,, including the primary fis lds 


of fayalite and wiistite. Heavy lines are boundary 


curves. Medium dash lines are fractionation curves, 
medium solid lines are equilibrium crystallizatior 
curves, and medium dash-cro ines are conjuga- 


tion lines.t Light solid lines are liquidus 


igat me i te t their end is ase 


at 50°C intervals and light dash-dot 
Light dash lines are auxiliary cons 
lines. The straight line 
tion (2FeO-SiO,) through point b on the 


isobars uction 


from the fayalite composi- 


boundary 


Fig. 6—Phase equilibrium diagram is presented for the system FeO 
Fe.0,-SiO.. Heavy lines are boundary curves and dash-double-dot 
lines ore lines of equal CO./H, mixing ratios for points on liquidus 
surfoce. Lines with stippling om one side indicate limit of two 
liquid region 
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Fig. 7—Diagram of the system FeO-Fe,O,-SiO, is presented to il- 
lustrate relationship of compositions of liquid and crystalline phases 
in equilibrium. Heavy lines ore bowndory curves and medium dash 
lines ore fractionation curves. Lines with stippling on one side 
indicate limit of two liquid region 


line 
and 


fayalite-magnetite is part of a straight 
points 2FeO-Si0O, 


curve 
joining the 
FeO - Fe,O, 
As an example 
where the primary 


composition 


of paths of crystallization in 
crystals have constant 
located at A, B, and C 


considered 


fields 
composition, three mixtures 
in the favalite field are 
A crystals of fayalite start separating 
1180°C., and the 
straight line A-a away 

At point a, approxi- 


begins to cry tallize to 


In mixture 
out at approximately liquid com- 
position changes along the 
from the fayalite composition 
1145°C 


fayalite, and 


mately magnetite 


gether with the liquid composition 


fayalite-magnetite 


moves along the boundary curve 
until at 1140°C the liquid, now of composition X, 
ve 
‘ 
/ 


Fig. 8&—Diagram of a part of the system FeO-Fe,O,-SiO, is shown 
to illustrate paths of equilibrium crystallization under conditions of 
constont total composition of condensed phases. Heavy lines ore 
boundery curves. Medium dash lines ore fractionation curves, dash 
cross lines are conjugation lines, and medium solid lines ore 
equilibrium crystallization curves. Light solid lines are liquidus iso 
therms at 50°C intervals, light dosh-dot lines ore O, isobors for 
points on liquidus surface, and light dash lines ore auxiliary con 
struction lines 
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disappears, the final product being a mixture of E, F, and G are considered. In mixture E magnetite 
, ; and tridymite. During this starts separating out at approximately 1530°C, the 
proce the O, pressure of the gas phase changes first crystals to appear having a composition e”, cor- 
continuou from approximately 10“ atm at point responding to approximately 76 wt pct Fe,O,. With 
A through 10°* atm at point a to 10°* atm at X liquid composition moving along the curved path 
In mixture B fayalite starts separating out at ap- E-e (medium solid line), the magnetite composition 
proximate 1180°C, and the liquid composition changes continuously from e” to e”’. At point e tri- 
moves along the straight line B-b. When point b i dymite starts separating out together with mag- 
ched. at approximately 1150°C. magnetite pre- netite, and the liquid composition moves to the 
cipitates together with fayalite and the yuid d right along the boundary curve magnetite-tridymite 
therefore i The liquid disappears at point e’, where the com- 
; agi e. During this position of magnetite, determined by the conjuga- 
the O, pressure changes continuously fror tion line e’-e””, falls on the extension of the 
mate 10" atm at point B to 10°" atm at straight line connecting the SiO, corner of the ter- 
nary diagram with point E. The end product there- 
7” fore is a mixture of magnetite and tridymite. The 
O, pressure, which at point E is approximately 1 
he Cue t atm, decreases slightly while the liquid composition 
moves along the curved line E-e in the magnetite 
ystalliz- field. At point e the change in O, pressure reverses 
itself, slightly increasing pressure being necessary 
the tangent to the to maintain total composition of condensed phases 
Hon eu ¢ this point ¢ niugation line c-c”) constant with magnetite and tridymite crystallizing 
wit mposition out together 
P id In mixture F magnetite of composition f (72 wt 
pet Fe,O,) starts separating out at approximately 
d a 1570°C. With equilibrium cooling, the liquid com- 


ao fa = rtensian of olid line) while the magnetite in equilibrium with 
SiO. through C. The the melt varies in composition continuously from 
at nin sah f to f°, f° being determined by the conjugation line 
easure imately atrr f-f°. This conjugation line has a direction pointing 

‘ ‘ +4 ‘ af to the SiO, corner of the triangle representing the 
7 ternary system, and the liquid therefore must dis- 

; appear at point f. The end product is a mixture of 
nagnetite and tridymite. During the crystallization 
' process, the O, pressure changes continuously from 
approximately 10°* atm at point F to 10°° atm at 
point f. The directions of the conjugation lines give 
nformation regarding the slope of the boundary 
curve magnetite-tridymite. By quenching experi- 
“ ments, no detectable difference in temperature was 


n O, pre e is nec : to kee t? tota ym) Fig. 9—Diagram of a part of the system FeO-Fe.0,-SiO, is pre 
posit nstant during the re ed ext tion of sented to illustrate poths of equilibrium crystallization for mixtures 
FeO { the melt } +} crvsta ‘ wit of in the magnetite field under conditions of constant total composi 
tion of condensed phases. Heavy lines ore boundary curves. Medium 
dash lines ore frectionction curves, medium dash-cross lines ore 
conjugotion lines, ond medium solid lines ore equilibrium crystal 
lizotion curves. Light solid lines ore liquidus isotherms ot 50°C 
position. The vat is lines have the rie eaning intervals, light desh-dot lines are O, isobors for points on liquidus 
is in Fig. 8. As examples of paths of crystallization surfoce, ond light dash lines ore auxiliary construction lines. Line 


in the primary field of magnetite, three mixtures with stippling on one side indicotes limit of two liquid region 


9 how an enlarged port r f the ternary 


tery mn the nme hhorhood of the tite ry 
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found for points on the boundary curve in air and 
at 1 atm QO, pressure, indicating that the boundary 
curve is extremely flat in this region. The construc- 
tion of conjugation lines shows that a maximum 
must exist at point f. The temperature of this max- 
imum on the tridymite-magnetite boundary curve 
is approximately 1456°C, and the following phases 
coexist in equilibrium: tridymite, magnetite with a 
composition corresponding to 73 wt pct Fe,O,, a 
liquid of composition 19 wt pct SiO,, 59 wt pct Fe,O,, 
22 wt pct FeO, and a gas phase with partial pres- 
sure of O, of approximately 0.1 atm. The slope of 
the boundary curve tridymite-magnetite thus estab- 
lished, together with the known decomposition tem- 
perature of Fe,O, at 1 atm O,, indicates the approxi- 
mate location of the ternary invariant point tri- 
dymite-magnetite-hematite-liquid-gas, which was 
not obtained experimentally. The decomposition 
temperature of Fe,O, at 1 atm O, was determined 
in the present investigation to 1453+3°C, as com- 
pared to 1452+5°C reported by Greig et al.” and 
1457+2°C by Darken and Gurry.’ Because the tem- 
perature of decomposition of hematite to magnetite 
increases with increasing ©, pressure, while the 
liquidus temperature along the boundary curve 
magnetite-tridymite decreases when O, pressure is 
increased from 1 atm, hematite must be the stable 
phase of iron oxide in equilibrium with liquid of 
composition on the boundary curve magnetite-tri- 
dymite slightly to the right of the point where the 
1 atm O, isobar (Fig. 5) intersects this boundary 
curve. From this it can be inferred that the afore- 
mentioned invariant point must be located at ap- 
proximately 1455°C, with a liquid composition of 
approximately 15 wt pct SiO,, 16 wt pct FeO, and 
69 wt pct Fe,O,, and a partial O, pressure of the gas 
phase only slightly higher than 1 atm 

In mixture G magnetite of composition FeO: Fe,O, 
starts separating out at about 1500°C, and with 
continued cooling the liquid moves along the straight 
line G-g away from the magnetite composition. At 
point g tridymite starts crystallizing out together 
with magnetite, and the liquid composition moves 
along the boundary curve magnetite-tridymite. The 
rest of the crystallization path is not shown in Fig 
9 but can be followed in Figs. 4 and 5. The liquid 
composition moves all the way down to invariant 
point X, where the liquid disappears, leaving as end 
product a mixture of magnetite, tridymite, and 
fayalite. During this process the O, pressure changes 
continuously from about 10“ atm at point G, through 
10° atm at point g, to 10°* atm at point X 

The O, Pressure is Kept Constant—-This condition 
gives rise to paths of crystallization which are less 
familiar but in many respects simpler than the case 
just considered. The whole theory of paths of crystal- 
lization in ordinary dry silicate systems is based on 
the assumption of constant total composition, a fact 
which is not always fully appreciated. As soon as 
this requirement is not fulfilled, the concept of com- 
position triangles is not applicable and the construc- 
tion of equilibrium crystallization curves from frac- 
tionation curves can not be carried out. In the pres- 
ent case, therefore, new criteria must be established 
from which the paths of crystallization can be de- 
rived. 

Since the composition of the liquid is unambigu- 
ously determined by silica content, temperature, 
and O, pressure, it follows that in all cases during 
crystallization at constant O, pressure the liquid 
composition must follow the isobars along the 
liquidus surface. In other words, the isobars at the 
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same time become the curves of equilibrium crystal- 
lization. This relationship holds regardless of the 
nature of the crystalline phases separating out, 
whether they be of constant composition like SiO, 
and 2FeO-SiO,, or of varying composition like 
magnetite and wiistite. When a boundary curve is 
reached, a new crystalline phase appears, and one 
of the previous phases must disappear, either the 
liquid or the primary crystalline phase. The liquid 
phase disappears in all cases where the point of 
intersection of the isobar and the boundary curve 
is a temperature minimum point on the isobar. If 
the point of intersection is not a minimum, then 
either the liquid or the primary crystalline phase 
disappears, depending on the location of the start- 
ing mixture. For the purpose of illustrating more 
clearly the principles involved, the paths of crystal- 
lization of a few selected mixtures are considered 
In order to simplify this discussion, a new term is 
introduced, namely isosilica lines. These are lines 
having a constant Si/Fe ratio. As pointed out pre- 
viously, it is assumed that no reaction takes place 
between the iron silicate melt and the crucible mate- 
rial. This means that the silica content of the con- 
densed phases is constant. The only change in total 
composition of the condensed phases taking place 
is an addition or a subtraction of oxygen, in other 
words, a variation in the ratio FeO/Fe,O,. The situa- 
tion is more easily understood by keeping in mind 
that the system under consideration is part of the 
ternary system Fe-Si-O. The only way the total 
composition of the condensed phases can change is 
by exchanging oxygen with the gas phase. In other 
words, still referring to the ternary system Fe-Si-O, 
the Fe/Si ratio remains constant, whereas the oxygen 
content varies. The total composition of the con- 
densed phases for a chosen mixture must therefore 
always remain on a straight line through the 
O-corner of the triangle representing the system 
The lines in the FeO-Fe.O,-SiO, diagram describing 
this situation, the isosilica lines, are of course also 
straight lines which can easily be constructed. They 
are almost parallel to the FeO-Fe,O, join when the 
diagram is plotted on a weight percentage basis 
The usefulness of the isosilica lines is evidenced by 
the fact that regardless of what is done to a mix- 
ture of chosen starting composition, the total com- 
position of the condensed phase always repre- 
sented by a point somewhere on the isosilica line 
through the point of original composition. In other 
words, the total composition, so to speak, slides back 
and forth on the isosilica line. One of the isosilica 
lines is of special importance for the derivation of 
paths of crystallization, namely, the isosilica line 
through the fayalite (2FeO-SiO,) composition. At 
low O, pressures, the paths of crystallization differ, 
depending on whether the starting mixture is lo- 
cated above or below this line 

The paths of crystallization are discussed with 
reference to Figs. 10 and 11. In these diagram 
heavy lines are boundary curves. Light dash-dot 
lines are O, isobars at liquidus temperatures and at 
the same time equilibrium crystallization curves 
Light dash-cross lines are isosilica lines and light 
dash lines, auxiliary construction lines. The isobars 
through invariant points X and Y, corresponding to 
O, pressures of approximately 10°° and 10°” atm, 
respectively, as well as the isobar corresponding to 
1 atm O,, are drawn as medium dash-dot lines. The 
following discussion is limited to the area between 
the 1 atm O, isobar and the field of metallic iron 
The 10°* and 10°* atm isobars divide this portion 
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tarts separating out at about 1370°C and, with de- 
creasing temperature and equilibrium maintained, 
the liquid composition moves along the 10° atm 
ymite 


s reached. Here the liquid phase disappears, leav- 


obar until the boundary curve magnetite-trid 


ng as an end product a mixture of tridymite and 


nagnetite. During this process the total composi- 
tion of the condensed phases moves along the iso- 
ca line from B to B 


In mixture C wiistite starts separating out at about 
50°C, and as heat is withdrawn, the liquid com- 


tion moves along the wiistite liquidus surface 
wing the 10° atr isobar The wistite com posi- 
tion changes continuously in a way which can be 
ierived from the fractionation curves. These curves 


are not drawn in Fig. 10, in order to avoid the con- 
mn caused by too many lines. The relationships 
can, however, be derived easily by comparing Figs 
», 10, and 7. When the liquid composition reaches 
point « wistite disappears and magnetite starts 
out with temperature remaining con- 


tant. When the last trace of wiistite disappears, 


the liquid composition starts moving along the mag- 
netite yuidus surface following the 10° atm isobar, 
with magnetite ntinuously separating out. When 
the boundary curve magnetite-tridymite is reached, 
at point the liquid disappears leaving as end 
product a mixture of magnetite and tridymite. The 
total composition during this process changes along 
the ilica line from C to C 

From these considerations, it appears that all iron 
cide ca mixtures, when equilibrated at O, pres- 
ires between 10 and 1 atm, give as end product 
a mixture of magnetite and tridymite at a tempera- 
ture nite illy below the solidus 

Mixtures Located in Area Il, Fig. 11: For a point 
) in the tridymite field, tridymite crystallizes out 
ind, as heat is withdrawn, the liquid composition 

ves along the 10°” atm isobar until the boundary 
irve tridymite-fayalite is reached, at which point 
tre juld phase disappears 

A point E in the fayalite field behaves similarly; 
fayalite « tallizes out and the liquid composition 
dur equilibrium crystallization moves along the 
10° atm bar until the boundary fayalite-tridymite 

eached here the juid phase disappear 


For point F in the magnetite field, magnetite sep- 
arate it and the liquid moves along the 10°" atm 
intil the isobar intersects the boundary curve 
magnetite-fayalite at point f. As heat is withdrawn, 


magnetite disappears with temperature remaining 
( t hen no magnetite is left, the tempera- 
ture decrease and, with fayalite crystallizing out, 
the juid follows the 10 atm isobar along the 
fayalite liquidus surface until the boundary fayalite- 
t ivrmnite reached where the liquid phase dis- 
appears. The total composition, which at the liquidus 
temperature F, moves first to the right on the 
a re eaching the minimum FeO/Fe.O, ratio 
at F’ when the liquid composition reaches the bound- 
ary magnetite-fayalite at With fayalite starting 
t tai a nt the change total com- 
posit eve ‘ tself, the point representing total 
composition n ng to the left along the isosilica 
re intil at the ‘ lus tempe iture the total - 
tior epresented by point F”, the intersection 
between the is lica line and the FeO-SiO, join 
From these considerations it appears that all mix- 


tures above the isosilica line through the 2FeO-SiO 
composition, when equilibrated at O, pressures below 


pproximately 10 and above 10 atm, give as 


an end product a mixture of fayalite and tridymite 
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Fig. 11—Diogram of a part of the system FeO-Fe,0,-SiO, is pre- 
sented to illustrate paths of equilibrium crystallization at constant 
O. pressures. Heavy lines are boundary curves. Light dash-dot 
lines are O, isobars for points on liquidus surface and at the same 
time equilibrium crystallization curves. The isobars corresponding 
to O. pressures of 1, 10°", and 10°" atm are drawn as medium 
dash-dot lines. Light dash-cross lines are isosilica lines. The iso- 
silica line through the fayalite (2FeO-SiO.) composition is drawn as 
@ medium daosh-cross line. Light dash lines ave auxiliary construc- 
tion limes. Line with stippling on one side indicates limit of two 
liquid region 


Mixtures Located in Area III; In mixture G, Fig 
11, fayalite is the first crystalline phase to appear, 
and with decreasing temperature the liquid com- 
position follows the 10°" atm isobar until the bound- 
ary curve fayalite-wiistite is reached at point g 
Here the liquid disappears, leaving as end product 
a mixture of fayalite and wiistite 

In mixture H wiistite of continuously varying 
composition crystallizes out, and the liquid com- 
position moves along the corresponding isobar until 
at point h the liquid disappears, the end product 
being a mixture of fayalite and wiistite. Similarly 
all mixtures below the isosilica line through 2FeO- 
Si0,, when equilibrated at O, pressures below 10 
and above 10 atm, crystallize completely to a 
mixture of wustite and fayalite 

Mixtures Located in Area IV: In mixture M, Fig 
11, fayalite is the first crystalline phase to appear, 
and the liquid composition moves along the 10°* 
atm isobar until the magnetite-fayalite boundary 
is reached. Here the liquid disappears and the end 
product consists of a fayalite and magnetite mixture 

In mixture N magnetite separates out as a primary 
phase, and the liquid composition moves along the 
10°° atm isobar until the boundary curve magnetite- 
fayalite is reached. Here the last liquid disappears 
and the end product is a mixture of magnetite and 
fayalite 

In mixture K, Fig. 10, wiistite is the primary 
phase. With wiistite of continuously varying com- 
position crystallizing out, as heat is withdrawn, the 
liquid composition moves along the corresponding 
10°* atm isobar until at point k the boundary curve 
wiistite-magnetite is reached. Here wiistite dis- 
appears and magnetite starts forming, with tem- 
perature remaining constant. When the last traces 
of wiistite disappear, the temperature decreases, 
and with magnetite crystallizing out the liquid com- 
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position follows the isobar along the magnetite li- 
quidus surface. When the boundary curve mag- 
netite-fayalite is reached at point k’, the last liquid 
disappears, leaving as end product a mixture of 
magnetite and fayalite. The total composition, which 
is represented by point K at the liquidus tempera- 
ture, changes along the isosilica line through K 
during the crystallization process. When the liquid 
composition reaches point k, the total composition 
is K’, the point of intersection of the isosilica line 
with the conjugation line through k (point K’ is 
found by using fractionation curves from Fig. 7 to- 
gether with Fig. 10). The liquid composition re- 
mains constant at k until the wustite has disappeared 
completely, with total composition steadily chang- 
ing to the right along the isosilica line until point 
K” is reached. With magnetite separating out and 
the liquid composition starting to move along the 
10°* atm isobar in the primary field of magnetite, 
the total composition moves further along the iso- 
Silica line until point K’” is reached when the liquid 
reaches point k’. At this point fayalite starts crys- 
tallizing out together with magnetite, and the chang 
in total composition is reversed. It now changes 
from K’" toward K””, K”” being the point of inter- 
section between the isosilica line through K and the 
straight line joining 2FeO-SiO, and FeO- Fe,O, 
Similarly, all other mixtures located below the 
isosilica line through 2FeO - SiO,, when equilibrated 
at O, pressures between 10 and 10 atm, give 
as end product a mixture of magnetite and fayalite 
Mixing Ratio ©O./#, is Kept Constant—This con- 
dition gives rise to paths of crystallization which 
can be derived in a manner completely analogou 
to the case just considered. The discussion is a 
repetition of the foregoing, with lines of equal 
CO,/H, mixing ratios taking the place of the O 
isobars. The diagram can be divided into four sec- 
tions in analogy with the foregoing, the vertical 


AN 


Fig. 12—Diagram of the system FeO-Fe,0.-SiO, is shown to 
illustrate phase assemblages at temperatures infinitesimally 
below solidus, under conditions of constant CO./H, mixing 
ratios. Heavy lines are boundary curves. Medium dash-double 
dot lines are lines of equal CO,/H, mixing ratios of 6.5 and 
19, for points on liquidus surface. The medium dash-cross 
lime is the isosilica line through the fayolite (2FeO SiO.) 
composition. Outlines of four areas are indicated by differ 
ent shadings. Within each area, all mixtures give the some 
end product at a temperature infinitesimally below the solidus 
Lines with stippling om one side indicate limit of two liquid 
region 
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subdivisions this time being based on the lines of 
equal CO./H, ratios through invariant points X and 
Y, ©esponding to CO H, ratios of about iy na 
5.9, respectively. The results ars ummarized ir 
Fig. 12, showing the phase assemblages at tempera- 
tures infinitesimally below the solidus temperaturs 
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iZation curves ar: Straight lines whereas in the 


helds of magnetite and w istite the liquid composi- 
tion during crystallization follows « irved lines. In 
an open system under constant O pressure, the O, 
Obars along the liquidus surfac are the paths of 


rystallization. During this crystalliza- 
tion process, the total] composition of the condensed 
phases changes along lines of equal Si/Fe ratios 
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IMD Fall Meeting Features 


Symposiums on Nuclear Metallurgy, 


Titanium, and High-Temperature Alloys 


HIS year the Philadelphia Fall Meeting of the 
Institute of Metals Div., October 17 to 19, has 

several feature attractions. Of special interest are a 
Symposium on Nuclear Metallurgy, a Symposium 
on Titanium, and a Symposium on High-Tempera- 
ture Alloys 

The Symposium on Nuclear Metallurgy is sched- 
uled for Monday, October 17. Problems in nuclear 
energy lie principally in the field of materials 
Afternoon and evening sessions are planned to help 
AIME members keep abreast of the most recent im- 
portant developments in nuclear metallurgy 

The Fourth Annual Titanium Symposium will be 
held Tuesday, October 18 
titanium development and its fabrication and use 
will be the subject of panel discussions, with Dept 
of Defense officials participating 

A Joint Symposium on High Temperature Alloys 
will be conducted by the AIME Institute of Metals 
Div. and the Metals Engineering Div. of ASME on 


The present status of 


Wednesday, October 19. Separate sessions will re- 
view materials for use up to 1250°F, and for use 
above 1250°F 

Registration for the meeting will start Sunday at 
3 pm in the mezzanine of the Adelphia Hotel. Mon 
day registration will be from 8 am to 5 pm in the 
William Penn Room. The desks will also be open 
from 9 am to 5 pm on Tuesday and Wednesday 
Member registration is $2.00, while the charge to 
nonmembers is $4.00. AIME student associates will 
not be charged for registration. Fee to non AIME 
students is $1.00 

The Annual IMD Fall Dinner will be held Tues- 
iay, 7 pm, in the Crystal Room. The speaker of the 
evening is to be Dr. Froelich Rainey, director, the 
University Museum, University of Pennsylvania 
His subject is to be Speculation of an Archeologist 
on World History. The pre-dinner cocktail party 
will be with the comp! of the Philadelphia 


Section. Dinner dre s; informal 


SUNDAY, OCTOBER 16 


3:00 to 9:00 pm 
Registration 


1:30 pm 
IMD Program Committee Meeting 
W. J. Horris, Jr, Choirmon 
4:30 pm 
IMD Publications Committee Meeting 
Hibberd, Jr, Choirman 


MONDAY, OCTOBER 17 


8:00 om to 5:00 pm 
Registration 


9:00 om to 1200 m 
Research in Progress 
Paul Gordon and 6. S. Lement, Chairmen 
Abstracts of papers will not be published but will be 
available in mimeographed form at the 
desk during the meeting 


registration 
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9:00 om to 1200 m Physical Metallurgy of Thorium: H. A. Wilhelm and 
Research Summaries—Deformation (| B. A. Rogers, lowa State College 
Howerd Scott ond G. A. Timmons, Choirmen Physical Metallurgy of Uranium: F.G. Foote, Argonne 


Resear Foundation and W. C. Winegard. Univer- 4:30 pm 


Creep of Pelucructeitine Tin: 3. % Breen end 3. Weert. Membership Committee Meeting 
mar Naval Research Laboratory Dowd Swan, Chairman 
Interact f Precipitation and Creep in Magne 4s™m- 8.00 pm 


dlun Alloys: C. S. Roberts, Dow Chen 


Symposium on Nuclear Metallurgy 


Te e Def Germa Single Crysta 
RP ¢ Ge Flect Co J. H. Frye, Choirmon 
Tensile Def tio Molehdenus af D. H. Gurinsky and A. R. Kaufmann, Assistant Choirmen 
Temperature i Strain Rate R. P. Carreker. Jr Power Reactors: A. M. Weinberg, Oak Ridge National 
W. Guard. General Electr Laboratory 
j Titant I nd Intermission 
r oat on nd L. L. Seigile, Sylvania Electri Problems in Materials for Atomic Power: J. B. Howe, 
i te. Ir North American Aviation, In« 
ysten: J. H. Becht West- 
A je ind Carbon m the Duc- 
é L. E. Olds and G. W. P TUESDAY, OCTOBER 18 
FF her, Westinghouse Electri 9:00 om to 5:00 pm 
Registration 
9:00 om to 12:00 m 
wr 0 pm 


Seminar on Deformation (II 
Seminar on Recrystallization and Grain Growth Robert Maddin and F. L. Vogel, Jr., Chairmen 


Bruce Chalmers and J. E Burke, Chairmen Effects of Alloying Elements on Plastic Deformation in 
fat ; ed Aluminun Aluminum Single Crystals: E. E. Underwood and 
Jew York University and L. L. Marsh, Battelle Memorial Institute 
F ty ( Tensile Creep of High Purity Aluminum: R. W. Guard 
r Rolled S ind W. R. Hibbard, Jr.. General Electric Co 
a ; Electr Creep of Copper at Intermediate Temperatures: T. E 
t Tietz and J. E. Dorn, University of California 
f innealed Tit Creep-Rupture by Vacancy Condensation: E. S. Mach- 
K H ; Ge Columbia University 
Cleavage Steps on Zinc Monocrystals—Their Origins 
;rain G th Rate n Recrysta : ind Pattern J. J. Gilman, General Electric Co 
" J se ll E tr and On the C tpse of Dislocation Loops During Anneal- 
{ ve id ngna England ng: Jack Washburn, University of California 
R 
Sing rysta 
Vener und R. W 9:00 am to 12:00 m 
fB ngha England 


Symposium on Titanium 
L. Schapiro, Chairman 
2:00 to 5:00 pm J. H. Jackson and L. S. Busch, Assistant Chairmen 
Symposium on Nuclear Metallurgy Keynote Address: H. H. Kellogg, Chairman, Titanium 


‘ iture irce f com- Advisory Committee, Dept. of Defense 
en These Present Status of Titanium Development an J 
McPherson, Armour Research Foundation 
fort To he AIME S. A. Herres, Titanium Metals Corp. of America 
mang t develo: L. S. Busch, Mallory-Sharon Titanium Corp 


“= V. W. Whitmer, Republic Steel Corp 
; D. W. Kaufmann, Rem-Cru Titanium Corp 


- Harold Margolin, New York University 
: “. ex Status of Titanium Fabrication and Use (a Report of 
, wth wel the Dept. of Defense, Titanium Steering Committee 
. he presentat nd discus- J. H. Garrett, Office Assistant Secretary of Defense 
‘ ent ‘ tr A 


Panelists 
ur at which beer and soft ks will be Lt. Col. L. W. Herway, U. S. Air Force 
I ed. A charge Of 91.00 I those attending U J. J. Harwood, Office of Naval Research 


< nw be made t ver the t of refresh- N. L. Reed, Watertown Arsenal 
ments and hote é ce C. B. Voldrich, Battelle Memorial Institute« 


Frye, Jr, Chowmon 
D H. Gurinsky and AR. Kawtmonn, Assistant Choirmen 2:00 to 5:00 pm 
Metal: EB. R. Jette. Los Alan Scientifie Symposium on Titanium 
Laboratory L. Schepiro, Chairman 
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J. H. Jackson and L. S. Busch, Assistant Choirmen 
The Background for Practical Heat Treatment of Vari- 
ous Titanium Alloy Types: P. D. Frost, Battelle 
Memorial Institute 
Panelists 
W. L. Finlay, Rem-Cru Titanium Corp 
B. Molander, North American Aviation 
S. Abkowitz, Watertown Arsenal 
William Rostoker, Armour Research Foundation 
H. J. Middendorp, Materials Laboratories, Wright- 
Patterson Air Force Base 
Future Use Pattern for Titanium: Col. B. S 
Retired, Arthur D. Little, Inc 
Panelists 
L. Schapiro, Douglas Aircraft Corp 


Mesick, 


C. W. Alesh, Consolidated Vultee Aircraft Corp 
R. Thielemann, Pratt & Whitney Aircraft Corp 
A. T. Mociun, North American Aviation Corp 
V. Kudryk, Chemical Construction Co. 
2:00 to 5:00 pm 
Research Summaries—Diffusion and Related 
Phenomena 


C. E. Birchenall and A. S. Nowick, Choirmen 
Diffusion of N trogen itn Iron P.E 
Wells, Carnegie Institute of Technology 
Hart, Pittsburgh Plate Glass Co 
Diffusion in Liquid Lead: S. J. Rothman, Argonne Na- 
tional Laboratory and L. D. Hall, Stamford Research 
Institute 
Self-Diffusion in Solid 


Busby and Cyril 
and D. P 


Nickel: R. E. Hoffman, F. W 


Pikus, and R. A. Ward, General Electric Co 
Diffusion and Marker Movements in Beta Brass: U.S 

Landergren, SKF Industries, Inc., C. E. Birchenall 

Princeton University and R. F. Mehl, Carnegie Insti- 


tute of Technology 
Self-Diffusion in 
Lou 


Single and Polycrystals of Zinc at 

Temperatures: F. E. Jaumot, Jr. and R. L 
Franklin Institute 

Some Studies of Al-Cu and Al-Zr Solid State Bonding 
Samuel Storcheim, Sylvania Electric Products, Inc 


On the Rate of Sintering: Gerhard Bockstiegel, Sinter- 
metallwerk Krebsoge Smett, Germany 
Temperature Gradient Zone Melting: W. G. Pfann, 


Bell Telephone Laboratories, In« 
Thermodynamic Properties of Solid Iron-Gold Alloys 
L. L. Seigle, Sylvania Electric Products, In« 
A Search for Oxidation-Resistant Alloys of Molybde- 
num: G. W. P. Rengstorff, Battelle Memorial Institute 
4:30 pm 
Nuclear Metallurgy Committee Meeting 


J. H. Frye, Chairman 


WEDNESDAY, OCTOBER 19 


9:00 am to 5:00 pm 
Registration 
9:00 to 10:30 om 
Research Summaries—Constitution and 
General Metallurgy 
D. J. Blickwede and David Swan, Chairmen 


Titantum-Rich Corner of the Ti-Al-V System: J. J 
Rausch and F. A. Crossley, Armour Research Foun- 
dation and H. D. Kessler, Titanium Metals Corp. of 
America 


P. A. Farrar, 
New York Uni- 


Titanium-Molybdenum-Oxygen System 
L. P. Stone, and Harold Margolin 
versity 

Thorium-Columbium and Thorium-Titanium Alloy Sys- 

O. N. Carlson, J. M. Dickerson, H. E. Lunt, and 

H. A. Wilhelm, Iowa State College 


tem 


System Zirconium-Nitrogen: R. F. Domagala, D. J 
McPherson, and M. Hansen, Armour Research Foun- 
dation 

Fabrication of Powdered Thorium 
Wikle, and J. G. Klein 

Metallographic Identification of Nonmetallic Inclusions 
in Uranium: R. F. Dickerson, A. F. Gerds, and D. A 
Vaughan, Battelle Memorial Institute 


W. W. Beaver, K.G 
Brush Beryllium Co 


9:00 to 10:30 am 
Joint Symposium on High-Temperature Alloys 
Institute of Metals Div. AIME and Metals Engineering 
Div., ASME 
W. 8. Hibbard, Jr., Institute of Metals Div, AIME and 
J. J. B. Rutherford, Metals Engineering ASME, Choirmen 
Materials for Use up to 1250°F 
Alloy Design of Material up to 1250°F 
Michigan 
Stability of Alloy Steels 
and D 
Corp 
12:00 m 
IMD Executive Committee Luncheon Meeting 
J. S. Smart, Chairman 


University of 


A. B. Wilder, E 
B. Collyer, National Tube Div., 


F. Ketterer 
U. S. Steel 


2:00 to 5:00 pm 
Joint Symposium on High-Temperature Alloys 
Institute of Metals Div. AIME and Metals Engineering 
Div., ASME 
Hibbord, Jr, Institute of Metals Div, AIME and 
J. J. B. Rutherford, Metals Engineering Div, ASME, Chairmen 
o. Materials for Use up to 1250°F 
Some Practical Aspects of 
Below 1250°F: E. C. Chapman 
neering, Inc 
b. Materials for Use Above 1250°F 


Design 
Engi- 


High Temperatu re 
Combustion 


Principles of Design and Development of Alloys for 
Use Above 1250°F: N. J. Grant, Massachusetts Insti- 
tute of Technology 

Over 6 Million Flying Hours Later: A. W. F. Green, 


General Motors Corp 


2:00 to 5:00 pm 
Research Summaries—Phase Transformations 
M. E. Nicholson ond W. G. Plann, Chairmen 

High-Speed Quenching Dilatometer: F. E. Martin and 
R. H. Raring, Naval Research Laboratory 

Heat Treatment and Mechanical Properti 
Iron Alloy F. C. Holden, H. R. Ogden, 
Jaffee, Battelle Memorial Institute 

Effect of Carbon on Some Properties of Ti-Mo Alloys 
D. W. Levinson, W. Rostoker, and A. Yamamoto, 
Armour Research Foundation 

Hardenability of Titanium Alloys Calculated From 
Composition A Preliminary Examination I D 
Jaffe, California Institute of Technology 

Preliminary Examination ¢ 
Alloys: L. D. Jaffe, California Institut 


of Titantum- 


and R. I 


f the Quenching of Titanium 


of Technology 


Sigma Nucleation Times in Stainless Steels G. F 
Tisinai, J. K. Stanley, and C. H. Samar Standard 
Oil Co. (Indiana) 

Evidence for Solidification of a Metastable Phase rm 


Fe-Ni Alloys: R. E. Cech, General Electric ¢ 
Heterogeneous Nucleation of the Marte te Transfor 
mation: R. E. Cech and D. Turnbull, General Elec. 


tric Co 

Effects of Alloying Elements on the Electrical Proper 
ties of Manganin Type Alloys: D. D. Pollock and D.I 
Finch, Leeds & Northrup Co 

475°C Embrittlement of Chromized Coatings on 
Carbon Steel: W. L. Chu, General Electric C« 


Low 
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Rocky Mountain Minerals Conference Offers Choice 
Of Seven Field Trips 


Ewaid Kipp, co-chairman, cocktail 
buffet committee; Max DuBois, co- 
chairman, entertainment committee; 
and Leonard Tofft, chairman, fer- 
rous metallurgy 

Officers of the Utah Section, host 
for the conference, are Jack M. Ehr- 
horn, Chairman, and Neil Plummer, 
Vice Chairman. Responsible for con- 
ference arrangements are Norman 
Weiss and R. C. Cole, general co- 
chairmen. Mrs. Max Kennard, Chair- 
man of the Women’s Auxiliary 
AIMFE, Utah Section, will supervise 
the arrangements for the ladies’ 
activities 


Members of the Rocky Mountain Minerals Conference committee ore shown together before For the ladies there will be coffee 
the meeting. First row, left to right: Glen A. Burt, Secretory, Utah Local Section; Norman at the Newhouse from 9 to 11 am on 
Weiss, co-chairman, Rocky Mountoin Minerals Conference; Neil Plummer, Vice Cheirmon, Thursday, and luncheon and fashion 
Utah Loce!l Section. J. M. Ehrhorn, Chairman, Utah Loco! Section; ond R. C. Cole, co-chair- show on Friday are also planned for 
mon, Rocky Mountain Minerals Conference. Second row, left to right: C. P. Mott, chairman, them. Ladies are invited to attend 
meeting rooms and equipment committee Raymond Thompson, choirmon, extractive metal- the two luncheons, and the Scotch 
urqy, nonferrous; | K. Hearn, co-choirman, cocktail buffet committee S. |. Bowditch, choir Breakfast. There will also be the 
mon, mining ond geology committee; V. L. Stevens, publicity chairman; ond W. F. Rappold, Thursday evening cocktail party and 
hoirman, industrio! minerals. Third row, left to right: |. G Pickering, choirmon, hotel the Saturday night dinner-dance 
reservotions; R. O'Brien, Field Secretory, AIME; K. A. Lehner, co-cheirman, enterteinment Of first importance is the well-bal- 
mmittee; ond EK Olson, co-chairmen, held trips anced technical program comprising 


16 papers and a symposium. On 
Thursday noon Governor J. Bracken 
Lee of Utah will be guest of honor 


Rocky Mou ft ym on Thursday and Friday at the Welcoming Luncheon, and on 
Saturday morning. Seven the following day MBD will hear 
ire planned for Saturday William W. Mein, Jr., Vice President 
i and Director of the Institute at its 
MF t I eal prograr includes regular fall luncheon 
gy, mining, minerals Envelopes containing program 
active mé lurgy pre-registration form application 
atior Con modit y-wise for housing, and return envelope 
[ t r e are paper n uranium, coal were mailed during August to all 
4 t t ft nd stee industrial minerals Metals Branch and Mining Branch 
iv meta tungster and raré members of the 11 Western States 
eta Minnesota and South Dakota, and to 
Ww: I W. Lawson i hairman of MBD members in all states. Prompt 
ur t : iT eor rrangements Grant replies are requested by the Com- 


an, field trips mittee 


Technical Sessions and Field Trips 


" Phosphate, Fertilizers from Western Phosphate 
hursday om, October 6 Rock: R. J. McNally, assistant manager, sulphuric 


id American Smelting & Refining Co 
Uranium Occurrences West of the Colorado Plateau: Quantitative Ananesihh to Bulk Material Handling 
Rod Mills and Ball Mills at the Hayden Plant of 
Geneva Works Water Seapets and Water Treating Kennecott Copper Corp.: Milling Staff, Kennecott 
System: Ea H erce, nad fuel engineer! Copper Corp 
Control Engineering in Minerals Beneficiation: Car! Sridey em, October 7 
MM it, Indust I & Electron 
iation of Utex Ores: Clement K. Chase, chief 
Chemical Refining of Tungsten: Blair Burw: e irgist, Utex Exploration Co 
Underground Mining of Phosphates: D. L. King, 
general manager, San Francisco Chemical Co 
Thursdey pm, October 6 Forty-two Inch Vibrating Red and Ball Mills: F. E 
Briber, J: 
; Rare Metals: M. H. Kline, vice president, Rare Engineering Education in the Mineral Industry: 
,, Met ( | f Ame John R. Lewis, head, dept. of metallurgicai engi- 
Production of Phosphoric Acid and High Strength neering, University of Utah 
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Friday pm, October 7 


Award Paper—University of Utah Student. 
Uranium Mining Methods: J. Fred Johnson. 
Approaches to the Problem of Coking Western 
superintendent 
product coke plant, Colorado Fuel & Iron Co. 
Crushing and Milling at Pend Oreille East Mill: J 
C. Crampton, mill superintendent, Pend Oreille 


Coals: John D. Price, 


Mines & Metals. 


of by- per mines 


per Corp 


Garfield Smelter and Refinery trip includes Ameri- 


Saturday am, October 8 


world’s 


Symposium 
gists 
Metallurgical Planning.” 

W. R. Landwehr—Moderator 


M. B. Kildale and Kenyon Richard, Geologists 
Kirkland and J. C. Landenberger, Jr., 


A.G 
Mining Engineers 


Bruce Clemmer and Frank McQuiston, 


Metallurgists 


Reno H. Sales—Summary 


Reinartz NOHC 
Scholarship Awarded 


Donald McFarlane, 18-year old son 
of a Cleveland brickmason, is the 
first recipient of the Leo F. Reinartz 
AIME NOHC Scholarship in metal- 
lurgy at the Carnegie Institute of 


Technology. Mr. McFarlane was se- 
lected from a group of candidates 
submitted by the Carnegie Tech ad- 


missions committee The AIME 
NOHC scholarship committee con- 
sisted of H. G. Grim, C. E. Carr, and 
A. W. Thornton 

He was in the upper 10 pct of his 
class at the James Ford Rhodes High 
School in Cleveland and was active 
in student affairs The award 
amounts to $500 


Progress Report On 
Engineering Building 


One representative from each of 
the five societies concerned, consist- 
ing of four current presidents and 
one past president, met on July 25 to 
expedite united action with regard 
to the new engineering building 
They agreed on eight recommenda- 
tions to be made to their governing 
bodies as follows 

(1) That the majority and mi- 
nority reports dated April 3 and 4 
of the Committee of the Five Presi- 
received, and that this com- 
now be discharged with 


dents be 
mittee 
thanks 

(2) That a Special Task Commit- 
tee of 15 persons be created by the 
appointment of three representatives 
of each with all voting in 
such Task Committee to be by each 
society as a unit 


society 


“Greater Cooperation Among Geolo- 
Mining Engineering, and Metallurgists for 


Lake City 


areas 


ern center 


studies, and pyro and hydrometallurgical testing 


(3) That the representatives on 
this Special Task Committee should 
be: (a) unbiased, and (b) not an 
employee of a society 

(4) That the Special Task Com- 
mittee be charged with the duty of 
recommending a specific site for the 
Engineering Societies Center, based 
upon a review and comprehensive 
additional study of feasible loca- 
tions 
5) That the Special Task Com- 
mittee be empowered to select its 
own chairman and to employ a sec- 
retary, and to engage independent 
unbiased professional consultants to 
investigate the problem and to re- 
port its findings with recommenda- 
tions to the Committee 

(6) That the Special Task Com- 
mittee report simultaneously to the 
governing boards of the five 
ties as soon as possible but not later 
than Feb. 1, 1956 


That the sum of $15,000 be 
appropriated by each of the five so- 
cieties to finance the activities of the 
Special Task Committee. Any unex- 
pended funds from this appropria- 
tion are to revert equally to the 
societies. 

(8) That the societies express 
their appreciation of the interest and 
substantial offers of assistance that 
have been received from various 
groups 

Signed by Wm 
ASCE; H. DeWitt 
D. W. R. Morgan 


{ 


(7) 


Roy Glidden 
Smith, AIME 
ASME; Elgin B 


Geneva Works of the Columbia-Geneva steel div., 
U. S. Steel Corp. near Provo, about 35 miles south 
of Salt Lake City 
mill in West. 

Bingham and Lark trip to view world’s largest cop- 


largest lead-zinc mines in the U. S. 
Magna and Arthur Mills, a tour of the two 50,000- 
tons per day concentrators of the Kennecott Cop- 


can Smelting & 
largest, 
copper refinery 
Western Phosphates plant at Garfield is owned by 
AS&R, Kennecott, 
in partnership 
super-phosphate per year 
Vitro Uranium mil! 


Kennecott Research and Engineering Center, a mod- 


Seven Field Trips 


A visit to largest integrated 


and the surface plant of one of the 


Refining Co.'s copper smelter, 
as well the new Kennecott 


as 


and Stauffer Chemical Corp 
Capacity is 90,000 tons of triple 


located 10 miles south of Salt 


will be toured except for classified 


equipped for pilot plant flotation 


Robertson, AIEE; and Barnett F 


Dodge, AIChE 


The AIME Executive Committee 
subsequently named the following 
as the three representatives of the 
AIME on the Task Committee; 
Harold Decker, Vice-President 
AIME, president of the Houston Oil 
Co. of Texas, Houston; H. DeWitt 
Smith, President AIME, consulting 


engineer, New York City; and Clyde 
Williams, a past President of the 
AIME, director of Battelle Memorial 
Institute, Columbus, Ohio. All the 
recommendations as above stated 
have been approved by the AIME 
Directors by a mail vote 


Compile Calendar Of 
Engineering Meetings 


A current project of Engineers 
Joint Council is the quarterly com- 
pilation of a calendar of all meetings 


of interest to engineers that have 
been scheduled for the next five 
years. Routine local section meetings 
will not be included. The intention 
is to avoid duplication of work by 
individual societies, to provide a 
clearing house of information, and to 
avoid conflicts in meeting scheduling 
As soon as a date has been decided 
upon for a meeting, information 
should immediately be sent to the 
Secretary of EJC, 29 W. 39th St 
New York 18, for inclusion in the 


calendar. First issue of the calendar 
is scheduled for October 1955 


quiring revision may not be processed in 


Sept. 15, 1955 is the deadline for the Institute of Metals Div. papers for the 1956 
New York Annual Meeting ond the deadline for ali Iron & Steel Div, and Extractive 
Metallurgy Div. papers to be preprinted. Papers received by this deadline but re- 


time to permit scheduling for this meeting 
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Personals 


Sidney G. Roberts recently joined 

the Ka or 4 iT & Cher al 

Cory W ast as a researct 

metal the le pt of r eta 
j He had been ass« 
ted th t Cr er Corp., as a 
etal t gineer 


Eric C. Bell " ciated with the 


! t Ltd falton, Ont 


Cha 


ries V. Kiimas, U. 5S. Stee! 


Pa. office to Pittsburgh, Pa 


B H. Alexander manager of s« 


K Allen Crosby re the 


Royal B. Jackman ed Nort! 


Ww Taylor ee 


H. Sturgis Potter Arlington A 


Britten, Jr 


Car! B. Post 


Ralph F. Forsman bees ar 
pointed the ale t f Ba 
Refractorie Ir Cleveland Mr 


William L. Walsh was clected t 
ident of 


Corp., New York, N 


982- 


nduct tior CBS-Hytror 
}? M 
D. G. Schaffert ha esigned a i 
fant mel? ne nts jen? Cor 
De eld 
wccept t tant 
x ister?’ Stee! 
( rt Br * 
S. G. Salamy | esigned as tect 
irgist, Kir i Scheelite 4 
fice Hill 
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John E. 


H. Kaltenhauser, 
David L. Raymer 
of the 


Robert 
Mosser, Jr., and 
have ned the technical staf 
Allegheny Ludlum Steel Corp., re- 
boratory, Brackenridge, Pa 
J. Paul Maddox has been appointed 
representative of the re- 


fractor pecialties div 


Mexico Re- 
fractories ( Mexico, Mo. Mr. Mad- 
iox was formerly vice president in 

urge of the Laclede Arch Co., a 
Chicag liv. of Laclede-Christy Co 


Frederick C. Kroft has been ap 
pointed general ipe rintendent of 
unufacturing for Haynes Stellite 
( New York, N. Y 

appointed vice 


G. L. MeMillin wa 


president teel foundry, Canadian 

Car & Foundry C Ltd. He was 

formerly a tant Vice president 
teel foundry 

J. M. Buchanan has been named a 
tant ipe ntendent ri dept 

Const ited Mining & Smelting 


w. W. 
Steel Corp., Middletown, and Wil- 


liam M. Akin, president, Laclede 
Stee! Co st Lo ave Deer 
é ‘ ce pre jents of the Amer 
can Iron & Steel Institute 


beer appointed 


David Swan has 

lirector of researc? metal 

earct aboratorte Electro Metal 
cal Co N igara Falls Mr 

UCC since 

1946 


Leonard C. Schmidt was elected to 
the board of director 


Pressed Steel Cx 


Walter K. Zwicker and Donald J. 


Hansen have oined the staff of 
Electro Metallurgical metais re 
earch laboratories. Niagara Falls 


Shanklin has been ap 
pointed vice president and 
nanager, ore div., Union Carbide & 
Corp. Mr. Shanklin has 
with UCC since 1934 


general 


beer 


John D. Harper, works 
ant ] 


Aluminum Co. of 


nelting 1 
America, Rockdale, Texas, has been 
named a tant general anager of 
the par elting div 

Bokros has joined North 


nericar Aviation Inc Long 
sch, Calif. Mr. Bokros is a re 
ch engineer in the nuclear en 
eering and mfg. div 

accepted the 


fessor of 


J. Gordon Parr has 
tion of associate pri 
etallu v¢ University of Al 
berta, Edmonton. He had 
the staff of the dept. of mining ar 
University of British 


Vancouver 


been on 


Cecil J. Bier has resigned from the 
atomic energy div. of Sylvania Elec- 
tric Products, Inc. He is now em- 
ployed in the materials engineering 
section of the Knolls atomic power 
laboratory, General Electric Co., 
Schenectady 


John F. Pollack, Jones & Laughlin 
Steel Corp. Pittsburgh, has been 
named superintendent, open hearth 
dept. Mr. Pollack had been assistant 
to the superintendent, open hearth 
and Bessemer 


Denis L. Ramball is with the Cruci- 
ble Steel Co. of America, Syracuse. 


Joseph Rosenblatt, president of 
Eimco Corp., Salt Lake City, was 
named a Knight of the Legion of 
Honor by the Republic of France 
The award was made for contribu 
tions to the mining industry 


N. K. Chen is located at the research 
laboratories of Westinghouse Elec- 
tri« Corp East Pittsb irg? He had 
been on the staff at Johns Hopkins 
University, Baltimore 


joined 
power 


Donald Keith Magnus has 
the Westinghouse 
div., Pittsburgh. He had been associ 
ated with the Chase Brass & Cop- 
per Co., Waterbury, Conn 


James B. Russell recently accepted 
a position with the Nichols Wire & 
Aluminum Co., Davenport, Iowa, as 
metallurgical engineer, de velop 
ment. Mr. Russell had been a re 
search metallurgist, dept. of metal 
lurgical research Kaiser Aluminum 


& Chemical Corp., Spokane 


L. W. Cashdollar, metallurgical en 
Pittsburgh Metallurgical 
been transferred from 


to Cleveland 


gineer 
Co has 
Pittsburgh 


manager, Fanstee] 
North Chicago 
Carboloy dept 


Detroit 


E. W. Engle is 
Metallurgical Corp 
He had been in th 
General Electric Co 


J. J. Martin, vice presi lent in charge 
of operations, Colorado Fuel & Ir 
awarded the Alumni 
Lehigh Uni- 


Corp was 
Assn. service award by 
versity 


Murilo de (@iveira Marcondes is 
‘al director for the Cia. Paul- 
ista de Laminacao Sao Paulo, 


Brazil 


techni 


Charlies A. Bittmann has joined 
Pacific Semiconductor Inc Top 
anga, Calif. Mr. Bittmann has been 
Hughes Aircraft C Ven- 


with the 


ice, Calif 


Robert A. Lenhart, Genera! Electrix 
Co.. Schenectady ll 
lurgist for the 


ATRISt 


burg, Pa 


at Leech 


is now 


company 


Canada f id been with A. V 
Roe Canada Ltd., Toronto 
ha uquesne 
C 
Aer isa, Calif 
™ ited with 
i the | th Work 
‘ ‘ 
cs New York 
5 
steel C Read 
; Philadelphia office 
tric 
re al- 
ur 
Columbia, 


Leory W. Davis recently accepted 
the position as manager of the forg- 
ing div.. Harvey Machine Co., Inc., 
Torrance, Calif. He was previously 
associated with the Kaiser Alumi- 
num & Chemica! Corp 


Carl F. Allison has retired after 42 
years of continuous service with 
Jones & Laughlin Steel Corp., Pitts- 
burgh. George M. Dreher has been 
appointed supervisor, chemical ser- 
vices, succeeding Mr. Allison 


B. D. Thomas, David C. Minton, Jr., 
and John S. Crout have been ap- 
pointed vice presidents at Battelle 
Memorial Institute, Columbus 


Frank P. Shonkwiler has been 
named manager of basic sales by 
Harbison-Walker Refractories Co., 
Pittsburgh. Mr. Shonkwiler was 
formerly a member of the Chicago 
district sales staff. He has been as 
sociated with the firm since 1943 


Samuel L. Hoyt, metallurgical con- 
sultant, Columbus, Ohio was re- 
cently awarded the honorary Sc.D 
degree from the South Dakota 
School of Mines and Technology 


Thomas E. Ban has been appointed 
director of research, McDowell Co., 
Inc., Cleveland. Prior to joining 
McDowell, Mr. Ban was associated 


with Cleveland Cliffs Iron Co 
Cyril Stanley Smith has been 


granted leave from his position as 
director of the Institute for the 
Study of Metals, Jniversity of 
Chicago. He will be engaged in re- 
search on the history of science, in 
London 


Michael A. Kuryla has been named 
assistant manager of the Lima, Peru 
div., Cerro de Pasco Corp 


John W. DeLind, Jr., has resigned 
as chairman of the board, Borg 
Warner International Corp. and has 


retired from executive duties 


A. E. Lee, Jr., American Metal Co., 
Ltd.. New York, is now located at 
the Blackwell Zinc Co., Inc Slack 
well, Okla 

John E. McNamara has joined the 
Motorola Research Laboratory, 
Phoenix, Ariz. Mr. McNamara had 
been associated with the Bell Tele 
phone Laboratories, Allentown, Pa 


John Dasher has resigned from the 
metals group, Chemical Construction 
Corp., New York. He has joined the 
central research laboratory, Cruci 
ble Steel Co. of America, Pittsburg] 


Clare A. Best, formerly chief chem 
ist for National Lead C titanium 
alloy mfg. div., Niagara Falls, N. Y., 
has been appointed director of qual- 
Karl W. Traub has been 


chief chemist succeeding Mr. Best 


ity control 


William Bohrer is sales engineer at 
the Cleveland office of the Wheelco 
Barber-Colman 


Instruments div 


Co., Rockford, Ill 


Oliver F. Senn has been appointed 
chairman of the chemistry dept., 
Stanford Research Institute, Stan- 
ford, Calif. He was formerly assist- 
ant chairman of the dept. 


Alexander H. Reynolds, Jr., con- 
troller, Leeds & Northrup Co., has 
been elected treasurer of the com- 
pany. 


W. B. Caldwell has retired as presi- 
dent of the Calumet Steel and 
Franklin Steel divs., Borg-Warner 
Corp., Chicago. Howard J. David 
was elected to succeed him 


Robert A. Lannoye, John F. Lang- 
kau, Roger Gilbert, Jr.. Bruce M. 
Lane, Eugene F. Riebling, and Neal 
Grifiing have joined the staff of 
Electro Metallurgical Co., metals re- 
search laboratory, Niagara Falls, 
N. Y 

E. H. Hughes, manager of the sales 
order dept., Timken Roller Bearing 
Co., has been named to the newly 
created post of assistant to the sales 
director. Mr. Hughes has been with 
the firm since 1938. 


Charlies E. Lapple and Rudolf H. 
Thielemann have joined the chemi- 
cal and engineering 
section, Stanford Research Institute, 
physical sciences div. Mr. Lapple 
was formerly associate professor of 
chemical engineering, Ohio State 
University and Mr. Thielemann, de- 
velopment metallurgist for Pratt & 
Whitney Aircraft 


metallurgical 


Necrology 
Date of 


Election Name 


p roposed for NMeabershio 
— Metals Branch AIME— 


Totel AIME 


ADMISSIONS COMMITTEE 


Arizona 
Phoe Murdock, Don J 
Michigan 
Re «—Porter, Vernon I 
M nd-—-Pearsall, George W 
Minnesota 
rgini *orter, Edward F 
J-M 
New Jersey 
Lord, Robert L. (J 
York 
stk Brown, Charles M. (M 
n Heights Brown, Raymond G M 
Ward W M n.CA 


Robert W 


Pennsylvania 
Be 
Hatb 
Ne Kensir cen, Spencer R. iM 
Pit A 
Washington 
Var une son, Char 
Argentina 
s 
Canada 
S.M 
Germany 
Mutheim-Ru? 
West Germany 
Dort nd—Mathur 


_ BLAST FURNACE 


Copper CASTINGS 


of 
Meer, 


COMPAN 


6524 Vincennes Ave,, Chicago 20, iil, 
In Conade—The William Kennedy & Sons, ltd., Owen Sound, 
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membership on July 31, 1955 
was 23,073; in id Studen A ssoci- 
ates were en ed 
P. D. Wilson, C? man; F. A. Ayer, Vice 
Chairman; A. C. Brinker, R. H. Dicksor met 
rT. D. Jones, F. T. Sid me Rolle 
O. B. J. Fraser, F. T. Sis Frank T. Weems et 
R. L. Ziegfield, R. B. Caples, F. W. McQuis an 
A. R. Lytle, H. R. Wheeler, L. P 
Warriner. J. H. Scaf a | 
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STRESS RUPTURE LIFE 
INCREASED OVER 300% 
BY VACUUM MELTING 


in high 
temperature 
alloys for 

jet turbine blading 


In the Metals Division at Utica twenty-eight 
consecutive heats of Utica vacuum melted Was- 
paloy were compared with the same number of 
heats made by standard mill practice. Test con- 
ditions were—1500°F, 32,500 psi. Stress rup- 
ture life of the vacuum melts proved to be at 
least three times that of the air melts. 


UTICA DROP FORGE AND TOOL CORP., 
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The Metals Division at Utica is one of the larg- 
est producers of these high temperature alloys. 
The meeting of very rigid specifications has 
become routine, even on a high production 
basis. Uniformity is maintained within ex- 
tremely small tolerances from melt to melt and 
among the ingots within a melt. 


The Metals Division at Utica invites inquiries 
from prospective customers. Through refine- 
ments in technique, costs are constantly being 
reduced—and the Division is glad to work 
closely in assisting the customer in his metal- 
lurgical problems. 


UTICA, N. Y. 
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ganese. The chilling effect is less with the lower 
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Ordering and Magnetic Heat Treatment of The 
50 Pct Fe-50 Pct Co Alloy 


by R.C. Hall, G. P. C 


onard, and J 


F. Libsch 


The 50 pct Fe-50 pct Co alloy undergoes a transformation from disorder to an 
ordered structure of the CsCl type reportedly in the vicinity of 732°C. During this 
process, the coercive force goes through ao maximum, apparently as a result of strains 
associated with the coherent nucleation and growth reaction. This magnetic alloy also 
shows a marked increase in the ratio of residual to saturation induction, which is asso- 
ciated with annealing to a high degree of order with the continuous application of a 
magnetic field. The increase in ratio can be explained on the basis of a decrease in 90° 
domain boundaries and, perhaps, by an increase in anisotropy resulting from lattice 


distortion. 


HE 50 pct Fe-50 pct Co alloy undergoes a dis- 

order-order transformation which has been re- 
ported to occur in the vicinity of 732°C."* The 
ordered structure is the CsCl type.’ This magnetic 
alloy also shows a marked increase in the ratio of 
residual to saturation induction as a result of heat 
treatment in a magnetic field, sometimes called a 
response to magnetic anneal.** The purpose of this 
investigation was to study the course of the order- 
ing reaction, the nature of the response to heat 
treatment in a magnetic field, and the relation, if 
any, between ordering and the response 


Procedure 

The method of approach in this investigation was 
to produce an initial structure as completely dis- 
ordered as possible and then gradually to order the 
alloy by isothermal anneals at various temperatures 
under different conditions of the applied magnetic 
field. Magnetic, magnetostriction, and X-ray anal- 
yses were of primary importance in determining 
the property and structural changes resulting from 
the isothermal anneals 

Rings of the 50 pct Fe-50 pct Co alloy were pre- 
pared from the elemental powders by powder 
metallurgy technique, further details of which may 
be found in ref. 7. The initial structure was pro- 
duced by annealing the specimens for % hr at 
1000°C, cooling to and holding for % hr at 900°C 
(in the a range above the ordering temperature), 
and water qttenching. Isothermal anneals were per- 
formed at 600°, 675°, 720°, and 740°C. For example, 
rings were heated to 600°C, held for a predeter- 
mined period of time, and cooled by natural cooling 
at a rate slightly slower than an air cool (average 
of 20° to 25°C per min). The tests (magnetic, etc.) 
were made after each heat treatment. All high tem- 
perature treatments were performed in a purified 
hydrogen atmosphere. The treatments at the various 
temperatures were carried out under one or more 
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conditions of an applied field including 1—no field, 
2—field of 20 oersteds applied on cuoling only, and 
3—field of 20 oersteds applied continuously during 
heating, holding, and cooling. 

Magnetic measurements were made using the 
standard Rowland ring technique’ with a maximum 
field strength of 100 oersteds. The magnetization 
curve, induction at 100 oersteds (B,), residual in- 
duction (B,), and coercive force (H,.) were deter- 
mined. All magnetic analysis data were based on 
an average of the results from three rings. A strain 
gage technique’ was used for the measurement of 
magnetostriction. The X-ray determination of the 
relative amount of ordered phase present was made 
on the ring specimen used for magnetic measure- 
ment. This was done by the back-reflection method 
using a rotating specimen (because of the large 
grain size) with unfiltered CoKa radiation and a 
7 hr exposure time. Intensity measurements of the 
ordered line (300) were made by comparing visually 
the films so obtained with standard films prepared 
by exposing for different lengths of time a specimen 
given a long time anneal (high degree of order). 


Results 


In all instances the saturation induction (induc- 
tion at 100 oersteds) was found to increase slightly 
with annealing time. This effect was small and 
appears to be the increase in saturation induction 
to be expected on ordering.”” 

The residual induction behavior was markedly 
influenced by the field condition during annealing, 
Figs. 1, 2. For the condition of no applied field, the 
ratio of residual saturation induction remained 
essentially constant for short annealing times but 
showed a significant increase at longer times. With 
increasing annealing temperature, less time was re- 
quired to produce this increase in the ratio. In the 
case of the 600°C anneals, the increase did not occu! 
until approximately 20 hr, Fig. 1, while on anneal- 
ing at 740°C the increase was immediate, Fig. 2 
Slight decreases in the ratio may be observed at 
100 hr for specimens treated at 720°C and at 1 hr 
for those treated at 740°C 

Specimens annealed in a field of 20 oersteds 
showed a residual to saturation induction ratio con- 
sistently higher than that for the specimens an- 
nealed without the field. The first anneal with the 
field (% hr) caused an abrupt increase in the ratio 
at all temperatures; thereafter, the increase in the 
ratio was generally similar for specimens annealed 
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Fig. |—Iofluence of annealing time at 600° and 675°C on 
the ratio of the residual induction, 8., to the saturation in 
duction, 8,. Average of three rings 


Fig. 2—influence of annealing time at 720° and 740°C on 
the ratio of the residual induction, 8., to the saturation in 
duction, 8,.. Average of three rings 
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ANNEALING TEMPERATURE | 
* 720°C 

“67S°C 2740°C 


OERSTEDS) 


ANMEALING TME (HOURS) 
Fig. 3—Influence of anneoling time ot various temperotures 
on coercive force, H.. Field applied conti ly; average of 
three rings. 


ization curve for each specimen and then deter- 
mining the magnetostriction for this field strength 
from the values of magnetostriction vs field strength 
As this process requires a double graphical inter- 
polation, slight errors may have been introduced in 
the magnetostriction values 

In general, it is seen that the magnetostriction 
was greater for the condition of no applied field. 
For the specimens annealed without the field, Fig. 6, 
the magnetostriction values showed a tendency to 
decrease in the range of % to 1 hr annealing time, 
increased to a maximum (quite abruptly for most 
temperatures) at approximately 1 hr, and then de- 
creased at longer times. For all specimens there 
appeared to be a second maximum at considerably 
ionger times 

In the case of specimens annealed with the field 
applied continuously, Fig. 7, the magnetostriction 
appeared to decrease more noticeably at short times; 
increased to an apparent maximum in the vicinity 
of the time for the start of increase in coercive 
force, Fig. 3; then seemed to decrease regularly 

The intensity of the ordered line, an indication 
of the amount of ordered phase present, is shown 
in Table I. No ordered line was detected in the 
solution treated condition. Since the intensity ap- 
peared to be a function only of the temperature and 
time of anneal, the results are given as averages of 
different field conditions. The intensities generally 
increased with increasing time and temperature of 
anneal. A smoothed plot of these data is shown in 
Fig. 8. From a comparison of Fig. 8 and Figs. 1 and 
2, it appears that the variation in the intensity of 
the ordered line or amount of the ordered phase 
with time is similar to that observed for the ratio 
of residual to saturation induction of specimens 
annealed with the field 


Discussion of the Course of the Ordering Process 

Two types of long range ordering processes have 
been postulated in the literature. The first is an 
interchange or rearrangement of atomic positions 
by means of thermal agitation“ and the second is 
the nucleation and growth of an ordered phase from 
a disordered phase.”” It has been suggested that 
both mechanisms may operate in the same system.*™ 
The results obtained in this investigation appear to 
be explained best on the basis of a nucleation and 
growth reaction, with perhaps a local atomic re- 
arrangement superimposed 

Considering the coercive force, several investigators 
have postulated that peak values may be obtained 
as a result of strains introduced by the ordering re- 
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action.”**"*"* In the 50 pct Fe-50 pct Co alloy the 
coercive force behavior appears to result from strains 
associated with the coherent growth of the ordered 
phase. At low temperatures such as 600°C, initial 
ordering by atomic interchange, if it does occur, 
could only take place to a small extent, thus a com- 
paratively large degree of disregistry between the 
two phases would exist during nucleation and 
growth. High strains and a high coercive force peak 
result. At higher temperatures local rearrangement 
could produce a higher degree of initial ordering. 
The resulting smaller degree of disregistry between 
the two phases during nucleation and growth may 
account for the lower coercive force peak. This 
lower value of coercive force may, however, also be 
attributed to the easier loss of coherency or relief 
of strains at higher temperatures. At higher degrees 
of order, coherency is gradually lost, the strains 
decrease, and the coercive force decreases. The direct 
relation between the peak coercive force value and 
the annealing temperature seems to confirm the 
general picture presented. In addition, the low 
values of induction on the magnetization curve ap- 
pearing with the coercive force peaks at 600°, 675°, 
and 720°C may be associated with the strained 
structure 

Considering the magnetostriction data, decreases 
in the values may be associated with the formation 
of more 180° domain boundaries as a result of the 
applied field™” and with the relief of quenching 
strains." Increases in the magnetostriction may be 
attributed to ordering,” “ “” while the exact effect 
of coherency strains is uncertain but apparently in- 
fluentia! 

The data on the intensity of the ordered line are 
in general in accord with this picture of the order- 
ing process. The increase in intensity of the ordered 
line even after very short time anneals may result 
from the existence of a degree of short range order 
in the quenched alloy.” “~ *" This might facilitate 
rapid attainment of a certain degree of long range 
order by atomic rearrangement. The subsequent 
increase in the intensity of the ordered line with 
time may be primarily associated with the nuclea- 
tion and growth process. 


Discussion of the Response to Magnetic Anneal 
The attainment of maximum values in the ratio 
of residual to saturation induction in the 50 pct Fe- 
50 pct Co alloy appears to depend on two conditions. 
First, a high degree of long range order seems to be 
necessary to give the maximum ratio in this alloy, 
although in the permalloy system this may not be 
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the case. ™ Second, a magnetic field must be applied 
continuously during the annealing in the order 
range, since the presence of the field throughout the 
annealing cycle yields a slightly higher ratio after 
long time anneals than during cooling only. 

It is apparent from Figs. 1 and 2 that the ordering 
process, even in the absence of a magnetic field, has 
a significant influence on the ratio of residual to 
saturation induction, although the increase in ratio 
does not appear to be consistently related to either 
the degree of order, the change in saturation induc- 
tion, or the magnetostriction change. The increase 
in ratio does appear to correspond to the initial 
changes in coercive force. The fact that the increase 
in the ratio of residual to saturation induction does 
not disappear as the coercive force decreases sug- 
gests that the relation is an indirect one. It appears 
possible that ordering in the 50 pct Fe-50 pct Co 
alloy is associated with the development of mag- 
netic anisotropy both as a result of the ordered 
structure per se and as a result of deformation 
caused by the coherency stresses during formation 
of the ordered phase. Such anisotropy might be 
expected to interfere with the ease of movement of 
domain boundaries (particularly 90° boundaries) 
and thus to increase the ratio of residual to satura- 
tion induction 

The primary influence of the magnetic field dur- 
ing heat treatment is to increase the ratio of resid- 
ual to saturation induction at the shortest anneal- 
ing times, the actual increase depending significantly 
upon the annealing temperature. At longer anneal- 
ing times, the influence of the field as measured by 
the increment of improvement in the ratio of resid- 
ual to saturation induction remains essentially con- 
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Fig. 6—Lineor mognetostriction at induction of 17,500 gauss for 
specimens annealed without a field vs anneoling tune 
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saturation induction ratio caused by the magnetic 
field appears almost constant for various annealing 
times (the curves representing the ratios obtained 
with and without the field are essentially parallel 
after % hr), it appears that changes in the degree of 
order through nucleation and growth do not notice- 
ably influence the contribution made by the field. 
On the other hand, it can be argued that, as some 
degree of crystal order was always present after the 
first anneal, the data presented do not answer the 
question as to whether there is any direct relation 
between ordering by local rearrangement or short 
range order and a response to annealing in a mag- 
netic field 

In any event, it appears on the basis of this study 
that the presence of crystal order is desirable for a 
maximum ratio of residual to saturation induction 
on heat treatment in a magnetic field 


Conclusions 

Several general conclusions may be drawn con- 
cerning the isothermal ordering and magnetic an- 
nealing of the 50 pct Fe-50 pct Co alloy: 

1—During the ordering process, the coercive force 
goes through a maximum. This is apparently the 
result of strains associated with the coherent nuclea- 
tion and growth reaction. The maximum value is 
inversely proportional to the temperature of the 
ordering anneal in the range of temperatures studied. 

2—The maximum increase in the ratio of residual 
to saturation induction from the solution treated 
condition is associated with annealing to a high 
degree of order with the continuous application of 
a magnetic field. These two effects appear to be 
additive 

3—The increase in ratio associated with the pres- 
ence of the external field might be explained on the 
basis of: A—a decrease in 90° domain boundaries 
resulting from the applied magnetic field and, per- 
haps, B—an increase in anisotropy as a result of 
lattice distortion established at the annealing tem- 
magnetostriction, and possibly other 
effects, and retained upon cooling. 

4—A further slight increase in the ratio might 
result from the ordered phase being caused to de- 


perature by 


Table |. Influence of Annealing Time at Various Temperctures on 
the Intensity of the Ordered Line 
Intensity of the Ordered Line,* 
at Various Ansealing Temperatures 
Annealing 
0 0 0 0 0 
2 5 613 7 
3 54 7 
i 3% 6% 612 6% 
2 4% ™ 6 7 
5 aa 5%. 7 8% 
0 4%. ™ 71/6 Bi. 
20 5 7 75.6 ™ 
50 5% 8 75/6 
95 6% 
100 ™ 712 
190 6 
200 ™ 81% 


* Intensity measurements of the ordered line (300) were made 


by paring isually the diffraction petterns obtained on each 
specimer ming « netant exposure time of 7 hr, with a set of 
standard atterns pre us! prepared by exposing a nearly fully 
rcered spe « for different lengths of time. The values of in- 


tensity given for verious annealing treatments are thus the equiva- 


lent ex s t ° hours for a nearly fully ordered specimen 
Average of two sertes: no field and field continuously 
Average of two series: field on cooling only and field contin- 


uously 
t Average of three series 
continuously 


no field, field on cooling only. and feild 
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velop by the field in a preferred direction or with 
shape anisotropy. 
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Further Observations on Yield in Single Crystals of Iron 


Dy H V j Po xt 


Studies have been made of the method of propagation of yield in iron single 
crystals in the range of 205° to 295°K by microscopic and X-ray techniques. The 
results show yielding in two stages, of which the second corresponds closely to the 


Liiders extension in polycrystalline iron. 


H. W. PAXTON, Junior Member AIME, formerly associated with 
Dept. of Physical and Theoretical Metollurgy, University of Bir- 
mingham, Birmingham, England, is associated with Dept. of Metol- 
lurgy, Carnegie Institute of Technology, Pittsburgh, and |. J. BEAR, 
formerly associcted with Dept. of Physical and Theoretical Metal- 
lurgy, University of Birmingham, is associated with Commonwealth 
Scientific and Industria! Research Organization, Victoria, Australia 

Discussion of this poper, TP 3921E, may be sent, 2 copies, to 
AIME by Nov. 1, 1955. Manuscript, Aug. 9, 1954. Chicago Meet- 
ing, Februory 1955. 
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RREGULAR macroscopic markings on the polished 
surface of a polycrystalline mild steel test piece 
during the lower yield extension were first observed 
by Liiders.’ The lower yield stress was not very con- 
stant. Sylvestrowicz and Hall’ showed that it was 
possible to obtain a constant lower yield stress by 
using a specimen in the form of a moderately flexible 
thin strip; the macroscopic markings in this case then 
appeared as a band of deformation (Liders’ band) 
which propagated steadily from one or occasionally 
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Fig. 2—Specimen 2 (see Fig. 5), electropolished surface, ex 
tended at 22°C 
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Experimental Details 


The wer yield ex in single stals of 
iron at tem pe ature mall about pet 
Howe t ‘ how Cr man and 
Cot i Pax hman* that at about 

70 ‘ ‘ | exter 
n t A h Art r in- 
creased t ‘ t were round 
and r nitable metall aphic exam- 

For the pre ent Work, crysta with a rectangular 

ect at it <i ina engths up to 
were prepared by a strair nneal method 
lescribed The material was Armco iron 
The British I al Steel Research 
ina 
An interesting observation was made during the 
the i em al j on 
wn by the met} i have a 
filr face grair t be ed away 
Table |. Analysis of Armco tron 
Element Pet 
O27 
Mn 
28 
Ni 72 
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Fig. 3—Specimen 7, electropolished surfoce extended at 


68°C 


to display the single crystal underneath. The present 
strip crystals had no such layer. Crystals grown by 
Mouflard and Lacombe’ from nondecarburized strip 
also showed no surface grains, though those of 
Holden and Hollomon* from decarburized strip con- 
tained a surface film of such grains about 0.01 in 
thick 

A small number of included grains of about the 
same size as that of the original grains were dis- 
ributed throughout the volume of each crystal. Pre- 
sumably these are grains of such orientations that 
they are not readily absorbed, i.e., those of closely 
similar orientations and those nearly in twin rela- 
tionship. In none of the experiments was there any 
evidence that these grains caused spurious effects 
other than slight stress concentrations which enabled 
yield to begin occasionally at these grains 

Since the crystals were decarburized before being 
grown, about 0.003 pct carbon was reintroduced be- 
fore testing in order to bring out the yield phenom- 
enon.’ Specimens were soft soldered axially into 
close-fitting slots in steel end pieces, as shown in 
Fig. 1. These end pieces were attached to spherical 
seatings on the straining shackles by flexible Bowder 
catle. The crystals were e»tended at a strain rate 
of 19” per sec in a Polanyi-type hard beam testing 
machine. Temperatures between 0° and —70°C were 
attained by a bath of alcohol and solid carbon dioxide. 
Variation of temperature during a test was +1°C. 

The specimens were usually tested with one or 
other of three surface conditions: 1—the as-grown 
surface, after etching with a saturated solution of 
ammonium persulphate to reveal crystal boundaries; 
2—a surface given a standard metallographic treat- 
ment, finishing with British Iron and Steel Research 
Assn. ferrous polishing cream on a Selvyt pad: and 
3—an electropolished surface. The crystal was first 
polished metallographically to 400 grade Carborun- 
dum paper and then about 50 to 100 « of metal was 
removed by electropolishing in a bath of perchloric 
and acetic acid. The microhardness of a typical sur- 
face given this treatment was Vpn 74 (a mean of 
20 readings) against a Vpn of 116 for a different 
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section of the same crystal given the standard metal- 
lographic treatment. 

It has been shown previously’ that at room tem- 
perature the condition of the crystal surface can 
affect the distribution of slip lines markedly. On a 
surface of type 2, the slip lines are well defined and 
spaced about 20 » apart; on a type 3 surface they are 
difficult to resolve and have a maximum spacing of 
about 2 gz. 


Table ti. Experimental Data on fron Crystal Specimens 


Specimen Tempera- Lewer Yield 
Ne. tere, °C Peint Exten- 
sion, Pet Surface Condition 


Me Electropolished 


| 


1 20 

2 20 Me Electropolished 

3 45 6 Electropolished 

a 45 2 Electropolished 

5 68 15 Electropolished 

6 68 13 Electropolished 

7 Electropolished 

8 68 5 As grown, etched, oxidized 
68 14% Electropolished 
10 68 8% Electropolished 
11 68 7 Electropolished 
12° 68 5 Electropolished 
13 68 7 Mechanically polished 


* Showed slip on two systems 


The increase in upper yield stress and the lower 
yield extension of annealed single crystals as the 
temperature is lowered is well shown by the typical 
stress-strain curves shown in Figs. 2, 3, and 4. For 
these experiments, three specimens were cut from 
a single crystal, indicated as 2, 7, 8 in Fig. 5, so as 
to have identical orientations with respect to the 
tensile axes. Specimen 2, shown in Fig. 2, was electro- 
polished and extended at 22°C. A very slight upper 
yield point was observed, followed by a steady rate 
of work hardening. Specimen 7, shown in Fig. 3, 
was also electropolished, but extended at —68°C. 
The lower yield stress is increased to 12.6 kg per 
mm’ and the lower yield extension is 7% pct, equiv- 
alent to a glide strain* of about 15 pct. Specimen 8, 
shown in Fig. 4, after etching the as-grown surface, 
was oxidized by treatment in steam for 30 min be- 
fore straining. While the lower yield stress was 
almost identical with that of specimen 7, i.e., 12.7 
kg per mm’, the lower yield extension was reduced 
to less than 5 pct, showing that the magnitude of 
the lower yield extension thus depends on both tem- 
perature and surface condition. 


20 
8 
4 


- 
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in saturoted ammonium per- 
30 min, extended at --68°C. 


Several repeat experiments established that the 
very large lower yield extensions were a character- 
istic of electropolished crystals of rectangular cross- 
section strained at temperatures around —68°C. 

Specimen 13, of different orientation to 2, 7, and 8, 
which had a mechanically polished surface, also 
showed a fairly large lower vield extension. Un- 
fortunately, no other crystal could be used to pre- 
pare two specimens of identical orientation to make 
a direct comparison between mechanically polished 
and electropolished surfaces. Microscopic examina- 
tion of the progress of yield indicated no differences 
in mechanism. Table II shows that there is a de- 
pendence of lower yield-point extension on orien- 
tation, but the physical basis of this is not clear 

Two specimens with electropolished surfaces were 
strained at —45°C and showed very similar behavior 
to those extended at —68°C. The lower yield stress 
was somewhat less, about 7.5 kg per mm”*. The lower 
yield extension was about 6 pct for specimen 3 
which showed a single set of slip lines and about 
2 pet for specimen 4 which slipped on two well 
marked systems. 

Because of these large extensions at the yield 
point, it was quite possible to stop the test at inter- 
vals and examine the specimen metallographically 
and with X-rays. Aging the specimen after inter- 
rupting the lower yield extension caused a large 
upper yield point to return with a subsequent load 
drop to the same lower yield stress as before. The 
same behavior has been observed in polycrystalline 
iron by Sylvestrowicz and Hall.’ A typical interrupted 
stress-strain curve is shown in Fig. 6. 


Fig. 5—Orientations 
of the crystals tested 


steess 


sercimen 5 
TESTS aT 


Fig. 6—Interrupted stress-strain curve on specimen 5. Between 
@ ond b and b and c, the specimen was removed from the machine 
and fully aged. After c and d, the specimen was unloaded, but not 
allowed time to age. 
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Fig. 7—Specimen 13 


production 


Primary and Secondary Bands of Deformation 


The metallography of the deformation is com- 
plicated and varies slightly from specimer to speci- 
men. However, a general picture can be given In 
the very irly stage { deformation, before the 
ipper eld nt eached prima band of 
lip appear at intervals of 20 to 50 These primary 
band isually form f tatthes +} st obviou 
tre nceentrat althe ne case wa noted in 
which they began in the center of the specimen As 
might be ected, th necimen showed a very high 
ipper eld point. With further deformation the 
primary unds propagate along the specimen 45 
hown f specimen | n the series of pictures in 
Fig 

In addit to the propagation of the primary 
band i; ‘ i del mation f nt passes t! igh the 
pecimen and est is to the pa ie of a Liiders 
band tl igh pol) talline pecime! after 
the pa age f the front, the Tull iow’ vield exten- 
sioT ha tax ace m tre T te 

\s the second band passes througt them, the areas 
hetween the ft mary Dands ‘1 mn wit! slit lines of 
apparently identical type t those in the primary 
hands. The specimer thus necks down and a mea:- 

‘ ed area now that the lower 

x ter ‘ ete tre px Lior When 
the sec i def ition t has passed pletely 
tr igh the pe rT \ k hardening 0« ns to be 
nhowr nm the stress tralr irve 

Usually more than ne second deformation front 
curs in the specimer Tyt ally one starts at ea h 
grip and occasiona a third begir parts of the 
specime emote from the griy und propagates in 
both directions The « ential picture not altered 
by tris nplicatior und the whole deformatior till 
takes place at very nearly constant lower yield stress 

This will be seen from the stress-strain curve of 

shown in Fig. 8. It will be observed 


that a pronounced upper yield point is present 


(curves b and c), whereas the specimen shows some 
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o. first test (0.05 pct extension); b, oged 2'2 hr at 20°C, stopped, 
partially unloaded, ond immediately retested, 0.15 pct total extension; c, aged 1/2 hr at 
20°C, 0.75 pct total extension; d, aged 20 min at 20°C, 1.85 pct total extension; and e 
aged 17 br at 20°C, 3 pct total extension. X4. Area reduced approximately 20 pct for re 


d 


plastic deformation after an extension of about 0.05 
pet (curve @) in which it was not stressed to the 
upper yield point. It is a characteristic of single 
crystals of iron to show some plastic deformation 
before yielding. This is presumably due to lack of 
straightness in the specimen, and to slight nonaxiality 
of testing, since specimens which have been given 
a preliminary stressing just below the upper yield 
point followed by an aging treatment show no de- 
tectable plastic deformation before yielding’ in a 
subsequent test 

Each of the primary bands at —70°C consists of 
three or four approximately parallel sets of slip lines 
with a spacing of about 2 ». The slip lines are not 
continuous along their length as viewed in the optical 
microscope, and each short length is conveniently 
referred to as a slip packet 
primary bands do not appear to form on any 
plane. Indeed they are often not parallel 
und branch occasionally, as shown in Fig. 7a and b 
They usually start at one edge of the crystal and 
spread across with increasing strain It seems likely 
that they are essentially a delineation of lines of 
stress concentration in the specimens complex near 
the grips because of bending and more uniform 
towards the center of the specimen. They are usually 
proximately parallel to the trace of the plane of 
maximum resolved shear stress although deviations 
from this trace on the polished surface of up to 10 
are common. Each primary band always contains 


more than one row of slip packets even when sep- 
arated by as much as 1 mm from its nearest neigh- 
bor 

At room temperature and —15°C, it is difficult to 
resolve slip lines in the primary bands, although 
these bands can be seen quite readily with the 
naked eve or at very low magnifications. They form 
all over the specimen at very small strains (0.1 pct) 
and are just as branched and noncrystallographic 
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as are the bands formed at —68°C, which may not 
cover the entire specimen until strains of order 4 pct 
have been reached. No experiments were carried out 
above room temperature. 

The advance of the primary bands in front of the 
main deformation means that the band front is not 
sharp. This has also been observed in coarse grained 
polycrystalline iron by Hall.” The band front is 
sharp to within a single grain diameter in fine 
grained material. 


X-Ray Examination 

The yield process also can be conveniently fol- 
lowed by X-ray Laue back-reflection photographs. 
Fig. 9 shows the position of the tensile axis of crys- 
tals 5 and 6. Both these crystals were electropolished 
and extended at —68°C. Specimen 5 showed ideal 
behavior in that a single second deformation front 
moved progressively through the crystal from one 
grip; specimen 6 had more than one interface lead- 
ing to reduction of area in three different places 

The stereogram shows the position of: T,, the orig- 
inal axis; T,, the axis in a section showing only pri- 
mary bands (i.e., no reduction of area); and T,, the 
axis in a position through which the secondary band 
has passed. Both specimens deformed by single slip, 
as can be predicted from the position of T,. T, is 
almost coincident with T,, while T, is rotated con- 
siderably along the great circle joining T, with the 
operative [111] slip direction 

The lattice rotation can be calculated from the 
well known expression*® 

sin A, 
l+e«=—— 

sin A, 
where A, is the angle between T, and [111], A, is the 
angle between T, and [111], and « is the strain 

The slip plane is here taken as the plane of max- 
imum resolved shear stress. With specimen 5, the 
rotation corresponds to 13+3 pct lower yield exten- 
sion if +1° is allowed as the error in angles. The 
actual extension was about 15 pct which is as good 
agreement as can be expected. For specimen 6, the 
calculated value of the lower yield extension from 
the lattice rotation was 12.5+2.5 pct. The experi- 
mental value was 13 pct. 

The photographs obtained for T, and T, showed 
round spots with no asterism; T, showed slight in- 
tensity maxima in the spots. The spots obtained on 
the film for T, showed considerable asterism and 
nonuniform intensity. 
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Fig. 8—Specimen 13 strained to vorious amounts os shown, corre- 
sponding to interruptions shown in Fig. 7 
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Dislocation Loops 

The nature of the slip bands produced at —70°C 
is interesting. Each of the slip packets, presumably 
coming from a single Frank-Read source” of dis- 
location loops, is about 10 to 20 » long if it appears 
on a face corresponding to the outcrop of mainly 
the edge component of the loops and of a length 
several hundred microns where screw components 
appear on the surface of the crystals. 

Thus there is the picture of long narrow disloca- 
tion loops first predicted by Mott” and recently also 
demonstrated by Chen and Pond” in aluminum single 
crystals by cine-camera studies. The reason for 
these is presumed to be that, when the screw com- 
ponent of a loop cuts intersecting screw dislocations, 
a trail of vacancies or interstitial atoms is left (de- 
pending on the sign) and thus a considerable amount 
of energy is required to continue motion of the 
screw. When an edge dislocation cuts other dis- 
locations, however, only a single jog (a displacement 
of part of the dislocation line by an amount equal 
to the Burgers’ vector of the intersecting disloca- 
tion) is formed and the extra energy needed for 
movement to continue is not very great. Thus edge 
components of the loops should be considerably more 
mobile, and if approximately round loops are formed 
at the Frank-Read sources, they rapidly become ex- 
tended in the direction of the Burgers’ vector of the 
loop. 

Discussion 

The period of low work hardening after the upper 
yield point is similar in some ways to the period of 
easy glide observed in high purity single crystals of 
aluminum,” gold,” silver,” and the hexagonal- 
close-packed metals.” It is possible that the yield 
elongation and the period of easy glide are both 
manifestations of some deformation process about 
which nothing is vet known. The metallography of 
easy glide does not appear to have been sufficiently 
closely studied to indicate whether deformation 
propagates as in the yield process or whether the 
density of slip bands in any given part of the speci- 
men increases fairly steadily 

The idea that work hardening is produced by de- 
formation bands has been proposed by Honeycombe” 


SPECIMEN 5 


SPECIMEN 6 


Fig. 9—Showing position of initial tensile axis 7. position 
after passage of the primory bonds 7. and position after 
passoge of the secondary bond T, 
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In this work these could not be observed 
traphically on a which has been 
traversed by the secondary band, although asterism 

noted in the back-reflection Laue patterns. It has 
been shown that deformation bands cause asterism, 


not appear to be necessarily 


and others 


metal! section 


but the converse does , 
or deformation bands were noted 
icke and 
glide 


true YO asterism 


cadmium crystals or L 
during the 


in Honeycombe 
Lange’s aluminum crystals easy 
period 

The work of Holden and Kunz” on specimens de- 
formed entirely at room temperature is similar in 
respects to the present work. However, their 
of the sharpness of the yield point be- 
ing affected by orientation at 25°C did not appear to 
be true at 68°C, although not 
rientations is repre here. All 


tested in the authors’ work at the lower temperature 


many 


observation 


as wide a range of 
ented specimens 
sharp upper yield point. Thus, 
observed between slip dis- 


showed a well defined 


no correlation could be 


tance and shape of the stress-strain curve 

The ervation of ve localized flow during 
eal age f the yield process is confirmed by the 
present work; it was more clearly visible in this 

tudy at the lows temperature ince the slip dis- 
tance on the electroy ished surfaces used appeared 

eater than at room temperature 
ifficient metallographic work has been done on 
ystals t mpare result No figure 

‘ Holden and Kunz’ paper to enable 

act “ eld exter ns, although 
n om their crystals the load was still dropping at 

Conclusions 
expe il data presented in this 
f Ww 

ex gie tals of 

va na talline 

ror It depends markedly on temperature and on 

the surface lition of the specimen and to some 

exter atic f the specimen relative to 
the 

2? ) t takes place in two distinct stages 
here termed primary and second bands. Primary 
bands f before the t yield point and extend 
slong t e ‘ i ttle total deformation 
The secondary band respond closely to Liiders’ 
bar ’ ‘ ind are responsible for 
the great majority of the extension 

}—The secondary bands cause marked asterism 
und a lattice rotation consistent with the observed 

jeformation 


dislocation loops which are formed are 


approximately rectangular in shape, as predicted by 
theory. 

5—The relation, if any, between yielding and easy 
glide is not yet clear. 
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Diffusion of Co” and Fe™ in Cobalt 
by H. W. Mead an 


sirct end 


perature differ by a factor of about six in the ex- 
treme cases with no really close agreement between 
any two sets of data. The first two groups of in- 
vestigators employed the decrease of surface activ- 
ity method. Since Ruder and Birchenall have shown 
that the values obtained from this method are sensi- 
tive to the surface preparation, it seemed desirable 
to perform a few check experiments by a method 
not open to this objection. 


TRANSACTIONS AIME 


The cobalt used in this investigation was the 
same as that employed by Ruder and Birchenall, 
containing 99.9+ pct Co. Disks of cobalt, 1 in. 
diam and 1/8 to 1/16 in. thick, were ground 
through 4/0 emery paper on one face each. Half of 
the disks were electroplated with either Co” or 
Fe". Co” was plated from a cobalt sulphate solu- 
tion made slightly alkaline with ammonia. Fe” was 
plated from ferrous oxalate solution. Welding and 
annealing techniques were similar to those de- 
scribed elsewhere.’ Each active disk was welded in 
an atmosphere of argon to an inactive disk. Diffusion 
anneals were performed in tube furnaces controlled 
within +2°C in an atmosphere of hydrogen. The 
specimens were packed in cobalt chips inside an 
iron crucible. After diffusion thin layers were 
machined from the specimen. Chips for the deter- 
mination of Co” activity were dissolved in acid and 
diluted with water to give a total solution volume 
of 250 ml. A liquid jacketed counter with an an- 
nular volume of 35 ml was filled three times with 
the solution and allowed to drain. The fourth charge 
was counted. The time to give 4096 counts was re- 
corded and corrected for background activity. All 
counting rates were less than 1000 counts per min. 
However, the somewhat larger than usual statistical 
counting error probably affected the diffusion co- 
efficient very little. Cobalt chips for the determina- 
tion of Fe® were dissolved. To the solution, 10 mg 
of inactive iron were added in the form of ferric 
chloride. The iron was precipitated as hydroxide, 
filtered, washed, and again dissolved and precipi- 
tated. The filtered precipitate was redissolved and 
plated onto blanks from ferrous oxalate solution.’ 
The samples were counted with an X-ray sensitive 
tube. The time for 12,288 counts was recorded and 
corrected for background and coincidence losses. All 
results were normalized to constant sample weight 
Diffusion coefficients were calculated by the method 
of Johnson," and the results are given in Table I 
The cobalt self-diffusion measurements from all 
available sources are compared in Fig. 1. 

In their studies of iron self-diffusion in wustite, 
Carter and Richardson’ have shown that the forma- 
tion of surface crystallites during deposition of the 
radioactive tracer or during the early stages of the 
diffusion anneal may lead to very low results. Crys- 
tallites which were observed on the surface of 
cobalt specimens under conditions similar to those 
employed by Ruder and Birchenall' for self-diffusion 
measurements on electropolished specimens may ac- 
count for their very low values. Their other results’ 
on etched specimens agree reasonably well with the 
extrapolation of the present data. This agreement 
seems to support Carter and Richardson’s belief 
that Ruder and Birchenall* gave too much weight to 
the effect of surface roughness in explaining the 
differences in diffusion coefficients obtained on sur- 
faces polished in different ways. If it accepted 
that the results on electropolished samples are low 
due to activity bound at the surface during diffu- 


Table |. Diffusion Coefficients for Co™ and Fe™ in Cobalt 


Diffusion Coefficients, 


Time of Tempera- Sq Cm per Sec 
Anneal tere. 
See fer Ce* fer 
3 568x10 1104 7.2610 1.29x 10 2 47x10 
6 048x106 1211 6.73x10* 9 98x10 1 24x10-" 
3.348x1¢ 1303 63310 458@x10™ 
8 730x10" 1406 5.96x10~ 1.28x10-* 
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Fig. 1—Cobalt self- 
diffusion meosure- 3 
ments ore compored. 
Open circle repre- _ 
sents present work; 
closed circle, Ruder > 
and Birchenall;’ tri- 
angle, Ruder and 
Birchenall;’ plus, Nix i 
ond Jowmot;’ and 
cross, Gruzin.* 
70 60 $0 
UT 2 10° 


sion, the proportion bound is fairly constant from 
one sample to another. This suggests that the sur- 
face crystallites may have formed by the hydrogen 
reduction of an oxide film of nearly constant thick- 
ness left by the electropolishing procedure. 

While the results of Nix and Jaumot® may be 
affected by surface hold-up, the exponential absorp- 
tion curves they reported for Co” radiations may 
also be a source of error. Berkowitz’ reports new 
measurements on the absorption of Co” radiations 
which are similar to those of Ruder and Birchenall.’ 

Gruzin’s‘ procedure should have revealed any 
surface hold-up in his specimens. The fact that his 
results are appreciably higher than those reported 
here may be due to the impurities contained in his 
98.4 pct Co. 

The present results yield the following equation 
for self-diffusion in 99.9+ pct Co 


D = 0.83 e(—-67,700/RT) sq cm per sec 


The activation energy is close to that reported by 
Nix and Jaumot.’ 

The diffusion of iron in dilute solution in this 
cobalt may be represented by 


D = 0.21 e(—62,700/RT) sq cm per sec 
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Grain Boundary Diffusion of Nickel into Copper 


A high resolution autoradiographic study of the diffusion of a nickel isotope ( Ni®*) 
into copper in the temperature range of 650° to 925°C, with particular emphasis on 


grain boundary diffusion, has been made 


The extent of grain boundary diffusion 


is @ function of the grain boundary angle and the diffusion temperature. The ratios 
of the grain boundary diffusion coefficient to the lattice diffusion coefficient ranges 
from 10° to 10°. The activation energy for grain boundary diffusion decreases with 


increasing grain boundary angle. 


of metallic diffusion have 
diffusion is a 


S' UDIES and reviews 
indicated that 

n phenomenon but quantitative studies of the 

iived are not numerous. The 

yncerned with determining the 

allographi of the 

temperature on the extent 

copper. The 
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Fig. 2—Autorodiograph shows boundary dif 
fusion of nickel into copper after diffusion 


were produced by controlling the solidification from 
a melt of Cuprovac (a high purity vacuum-melted 
copper obtained from Vacuum Metals Corp.) of a 
pair of seed crystals so that the bicrystals of copper 
produced had a common <100> axis. By rotating 
one seed crystal relative to the other, a simple tilt 
boundary was produced. The angle of rotation be- 
tween the two crystals is the grain boundary angle 
é, or what is sometimes termed the misfit angle. In 
all, some 16 boundaries ranging from 2° to 72° in 5 
to 10° steps were investigated. The crystallographic 
orientations were measured with the use of both 
X-ray and optical goniometric techniques. The 
100> axes in the crystals were found to be parallel 
within 2° to 3° with the exception of one crystal 
(@ 12°) in which the axes were 6° from being 
parallel. All bicrystals showed evidences of sub- 
grain structures. Laue analyses showed that these 
subgrains differed in orientation up to a maximum 
of 2°. Because of these variations, and some curva- 
ture in the boundaries, the grain boundary angles 
listed are actually average values and deviate from 
the 1° of freedom boundaries 
The stripping film technique of high resolution 
autoradiography was used to detect the diffusion of 
isotope into the grain boundaries of the 
copper. Kodak experimental perme- 
able stripping film with an emulsion layer 5 » thick 


the nickel 


Fig. 3—Autoradiograph shows boundary dif- 
fusion of nickel into copper after diffusion 
MSOO. for 144 hr ot 650°C. © 31°. X500 
Area reduced approx. 30 pct for reproduction 
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Fig. 4—Autoradiograph shows boundary dif- 
fusion of nickel into copper after diffusion 
for 144 hr ot 650°C. © 45°. X500. 
Area reduced approx. 30 pct for reproduction 


was used in all the studies. In practice, this film is 
placed in contact with the metal surface to be ex- 
amined after first coating the surface with a pro- 
tective film. It is exposed and processed intact with 
the metallographic surface so that in examining the 
microstructure the investigator looks through the 
photographic film and can obtain a direct correlation 
between the microstructure and the photographic 
emulsion. Fig. 1 is such an autoradiograph of a 


polycrystalline copper surface plated with radio- 
active nickel and diffused at 650°C for 120 hr. Note 
the penetration of the nickel into one boundary but 


not into the adjacent one. 

The diffusion data obtained were analyzed using 
Fick’s laws as simplified by Fisher,“ and the more 
exact solution of Whipple,” for the special case of 
grain boundary diffusion. The procedures used are 
discussed later 

Experimental Procedure 

The copper bicrystals, 1 in. wide, % in. thick, and 
5 in. long were sectioned perpendicular to the 
growth direction, the 5 in. length, into slices approx- 
imately % in. thick using a thin silicon-carbide cut- 
off wheel. These slices were then heavily etched in 
HNO, to remove any disturbed metal which might 
recrystallize on the subsequent anneal An anneal 
at 1090°C for 2 or 3 days was used to stabilize the 
grain boundaries. After this treatment, one of the 
flat surfaces, perpendicular to the grain boundary, 
was metallographically polished and then electro- 
polished in order to obtain a flat strain-free surface 
A circular area, % in. diam, was plated with purified 
high activity Ni* isotope over the intersection of the 
grain boundary with the surface The isotope was 
obtained from the Oak Ridge National Laboratory 
as NiCl., in HCI solution. It was purified and plated 
fromm an aqueous-ammoniacal sulphate solution to 
give a smooth, continuous, and adherent plate 1 to 
2 w» thick 

The plated diffusion specimens were sealed in 
yacuum in Vycor capsules and placed in a tubular 
muffie furnace maintained at the desired diffusion 
temperature. Temperatures were measured with 
chromel-aiumel thermocouples attached to the Vycor 
capsules and the maximum temperature variation 
which occurred during diffusion was +3°C. Diffusion 
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Fig. 5—Autoradiograph shows boundary dit- 
fusion of nickel into copper after diffusion 
for 144 hr at 650°C 
Area reduced approx. 30 pct for reproduction. 


we 
Fig. 6—Autoradiograph shows nonperpendic - 
uler grain boundary diffusion. Sample wos 
diffused 144 hr at 650°C. © 31°. x500 
Area reduced approx. 30 pct for reproduction 


66°. X500. 


temperatures of 650°, 750°, 800°, 825°, and 915 Cc 
for times of from 10 to 144 hr were used 

After diffusion, the samples were sectioned per- 
pendicular to the diffusion interface and the plane 
of the grain boundary, mounted, and prepared for 
metallographic examination. Electropolishing could 
not be used due to the rounding of the specimen 
edges, so polishing was carried out with silicon- 
carbide papers and powders with the final polishing 
being accomplished with Linde A and B powders 
Alternate etching and polishing were used to remove 
the cold worked surface. After the final polishing, 
the sample was etched in a 20 pct ammonium per- 
sulphate-water mixture. The etched surface was 
then coated with a layer of Vinylite resin 1 » thick to 
prevent reaction between the copper and the strip- 
ping film. The stripping film was then placed on the 
specimen and exposed for a period of five days 
After exposure, the emulsion was developed, 
stopped, fixed, washed, and dried with the emulsion 
in situ on the specimen. Figs. 2 through 5 are typi- 
cal autoradiographs obtained by this technique on 
four different grain boundaries given diffusion treat- 
ment at 650°C for 144 hr 

For the measurement of the depths of diffusion 
of the nickel into the copper, a calibrated eyepiece 
grid was used in conjunction with a Bausch and 
Lomb research metallograph which permitted 
measurements to be made to within 3 »« which is the 
degree of uncertainty of the end point of the dif- 
fusion penetration. The outer edge of the nickel 
electroplate was used for a base line and the original 
thickness of the electroplate was subtracted from 
the measurement of both lattice and boundary pene- 
tration to obtain penetration measurements. The 
end point of penetration for both lattice and bound- 
ary diffusion was taken to be the point where the 
density of the developed silver grains became equal 
to the background, or fog density, of the emulsion 
Since the exposure time was kept constant for all 
specimens, this means that penetration measure- 
ments were made to some constant value of nickel 
concentration 

While it is possible to calculate approximately the 
minimum concentration of radioactivity required 
for an observed autoradiographic effect, it was felt 
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Table |. Depth of Nickel Penetration into Copper Along Bicrystal Grain Boundaries and in the Lattice* 


Tem- Penetration Aleng Boundaries ef Indicated Misfit Angie, in Cm 
pere- Time, 
tere, Specimen’ iz 15 22 ts ta a9 st 61 a3 72 
450 i“ A.cut N 
let ARG 10 10 20 32 63 63 103 103 87 158 50 » 78 66 90 63 
ind ARG 10 x 9 106 175 57 88 («107 46135 75 
A, cut No. 2 
se ARG 10 10 “4 60 100 106 100 152 124 63 103 100 72 
tnd ARG 60 as 97 95 13 150 104 70 75 
B. ist ARG 138 1460121 
2nd ARG 120 150 116 - 
750 10.25 st ARG 2 22 7 86 
ind ARG i2 77 
750 413 Cut N 
ist ARG 25 25 49 52 83 80 108 0 as 43 
2nd ARG 25 49 112 130 77 
Cut Me 2 
. RG 25 25 4 52 68 7 92 105 70 130 11 100 102 80 46 
ind ARG 25 + 61 102 123 138 61 105 
65 ist ARG ‘4 a3 188 
ae ARG 4 80 163 
ist ARG 28 63 61 70 108 80 58 61 40 
ind ARG 28 67 68 77 105 86 83 58 
825 st ARG 106 5 123 150 #147 «#24132 145 138 132 130 130 
fror the Ni-Cu interface 
G < ertace perpendicular 
At e of flerence f attice diffusior 
that a more reliable determination should be made graphing. Measurements of this type are identified 
by preparing a serie f alloys of varying radio- as the first and second autoradiographs. 
active nicke ncentratior Accordingly, alloys of In examining the autoradiographs, it was noticed 
nomina my n of 0.1, 0.01, and 0.001 wt pet of that in several specimens the bicrystals did not 
udioactive nickel were made up and autoradio- meet the diffusion interface perpendicularly. Auto- 
graphed. The results of this work indicated that the radiographs of specimens in which this occurred 
end point detectable above the background was always showed evidences of a high concentration of 
0.005 wt pet. The activity of the surface of the al- nickel in the concave side of the curvature. This is 
loys was also measured with a windewless gas flow believed to be due to boundary migration occurring 
counter and these measurements were used to com- during the diffusion process although, if this oc- 
pute the approximate number of 8 particles emitted curred, the migration is in the opposite direction to 
from a sample containi: 1.005 pet Ni. The value the one expected. Fig. 6 is an illustration of this 
obtained compared favorably with the vaiue given type of autoradiograph. Penetration measurements 
by Towe’ as being necessary to give a density of 0.5 made on such boundaries are indicated in the table 
above fog on Kodak autoradiographic plates and in nearly all such cases these measurements are 
— inconsistent with the data from boundaries perpen- 
esults dicular to the surface. 
The extent of nickel penetrat or both lattice Figs. 7 through 9 are plots of the penetration data 
and boundary diffusion for the vari times and to show the variation of the depth of penetration as 
temperatures investigated are given in Table I. In a function of the grain boundary, or misfit, angle. 
some cases the ffusion specimens were sectioned 
at two different place these are designated as the Analysis and Discussion of Data 
first and second cuts. Check specimens were also Using Fick's law of diffusion and assuming that 
made on the 650°C diffusion series; the two sets of the diffusion coefficient is independent of concen- 
measurements for this temperature have been desig- tration, the following solution is obtained for a 
nated as specimens A and 8B. On many surfaces, two boundary condition such that the interface concen- 
sets of autoradiographs were made; the second set tration of the diffusing material remains essentially 


was made by repolishing, etching, and autoradio- 
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BOUNDARY ANGLE 
Fig 7—Nicke!l penetration is given as a function of grain boundary 
angle. Somples were diffused for 144 br at 650°C 
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constant at some value c, 


c/c, = erfc 
2(D,t) 


where Z, denotes the depth of lattice penetration 
for concentration c, t is time, and D, is the diffusion 


(1) 


Table Summary of Calculations for the Lottice Diffusion 
Coefficients for the Diffusion of Nickel in Copper 


Lattice 

Diffusion 

Tem- Pene Diffusion CoeMictent. 
peratere tration Time, Sq Cm 
| Om 1® See per See 

650 10.83 10 519 5. 86x10-™ 
7s) 977 25 498 1 28x10 

800 932 28 468 5.1x10-“ 
a2f 9.11 108 302 1.17x10 
si! 842 200 973 1 25x10 
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constant. From this equation it can be seen that, if 
penetration measurements are made to some fixed 
value of concentration c, the argument of erf c must 
always be a constant. For a given temperature, D, 
is a constant and therefore the depth of the lattice 
penetration at some fixed concentration will be pro- 
portional to the square root of the diffusion time. 

For penetration along a high diffusivity grain 
boundary, Fisher’s mathematical treatment can be 
used, but the assumptions and approximations in- 
volved should be noted. Fisher’s equation Is 


c= c, exp — 
[ erf [X/2(Dt)**] [2] 


where Z, is the depth of penetration along the grain 
boundary and X is the lateral distance from the 
grain boundary of width 8. The value of 8 is arbi- 
trary and assumed to be temperature independent. 
D, is the grain boundary diffusion coefficient. The 
concentration of the diffusing material in the grain 
boundary is the same expression with the erf c term 
omitted as follows 


c = c, exp [—(4D,/at)** [3] 


The main assumption involved in this expression 1s 
that a quasi-steady state is approached in the grain 
boundary region. For any given temperature, D, and 
D, will be constant. From Eq. 3 it follows that the 
depth of boundary penetration at some fixed concen- 
tration will vary as the one-fourth power of time if 
Fisher’s treatment is valid. 

Data for examining the time dependence of the 
depth of diffusion for both lattice and boundary are 
to be found in the results obtained on the 750°C 
diffusion specimens. The depths of penetration into 
the lattice and along grain boundaries for several 
boundary angles are shown plotted against the one- 
half power of the diffusion time in Fig. 10 and the 
one-fourth power of the diffusion time in Fig. 11. It 
can be seen that the penetration data for lattice 
diffusion and for a small angle boundary (@ = 15°) 
fit the one-half power relation very well, while the 
penetration data for the larger angle boundaries 
(@ = 39° and 50°) appear to fit the one-fourth power 
relation more closely, especially for the shorter dif- 
fusion times. It would seem that Fisher’s treatment 
of grain boundary diffusion is satisfactory for the 
large angle boundaries and relatively short diffusion 
times but not for small angle boundaries. The better 
agreement is to be expected at the large angle 
boundaries, since Fisher assumed that the grain 
boundary diffusion rate was very much greater than 
the lattice diffusion rate and this assumption is more 
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Fig. 8—Nickel penetrotion is given as o function of grain boundary 
angle. Semples were diffused for 41.3 hr ot 750°C. 
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Fig. 9—Nickel penetration is given as o function ot grain boundary 
angle. Samples were diffused for 13 hr at 800°C and 84 hr at 825°C. 


valid as the degree of misfit in the boundary in- 
creases. 

The observed proportionality of the depth of lat- 
tice diffusion to the square root of diffusion time 
does not necessarily validate the assumption of a 
diffusion coefficient being independent of concen- 
tration, as implied in the Eq. 1. 

In regard to lattice diffusion, it can be seen from 
Eq. 1 that the lattice diffusion coefficient can be cal- 
culated if the diffusion time and depth, at which the 
concentration ratio c/c, exists, are known. It will be 
assumed that the interface concentration of the 
nickel remains essentially constant at 100 pct in all 
of the specimens at the various diffusion tempera- 
tures. This assumption is probably more valid at the 
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Fig. 10—Penetration of nickel along copper bicrystal boundaries of 
several boundary angles is given as a function of the one holt 
power of the diffusion time ut 750°C 
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lowe temperatures than at the higher tempera- 
ture ince the sensitivity experiments had estab- 
lished that the concentration of nickel at the auto- 
adiographically determined penetration end point 

0.005 wt pct, the ratio of c/c, is then 0.00005 and 
tru attice diffusion coefficient can be calculated 


The results are summarized in Table I 


Ihe coefficients are usually related to the 
liffusion temperature by the Arrhenius equation 
Log D Log A — Q/2.303RT [5] 
rhe plot of the data fitted to this equation given in 
F 2. From this, the activation energy f lattice 
liffu calculated a 64.8 kcal per g moi Th > is 
a higt ilue than those previously reported for 
t! ‘ but the present investigation was car- 
ed t at iow temperature ina over a more ex- 
Inge temperature than any used pre- 


Table HI list om other 


comparative data 


Table t1!. Comparison of Lattice Diffusion Coefficients for the 
Diffusion of Nickel into Copper Obtained by Various Investigators 


Diffusion Ce 
eMicient at 615°C 


Activation 
Energy. Keal 


Investigater Sq Cm per Sec per G Mel 

} 

54 

42 

2 
known and the attice dif- 
I have ilculated, the esults 
tion measurement mn the various 
Oe ised t caicuiate D By arbi- 
t that the gra boundary width, é 
ind iiff r efficients can 
te The sit these liations are 
giver ible IV. In making these calculatior the 
pti pe tra e taken from 
tr I r igt Uv The alue for the 
attice tant at Na adjusted to fit 
th elationshiy f Fig The difference 
betwee tr e and the act | value determined 
experime thin the inge of the experi- 
i? the i indary diffusion coeffi- 
é tt ttice diffu ! efficient for the various 
are Dal IV. It will be noted 
ha ire the to 10° and are a 
the alr ouncary a le Fig. 13 

4 


z Fig. 12—Lattice dif 
fusson coefficients of 
G nickel in copper ore 


j given os co function 
z of the reciprocal ob 
x solute temperature 
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plot of grain boundary diffusion coefficient as a 
function of the grain boundary angle. A log plot has 
used to show more clearly the low angle 
boundary data. 

The fact that Fisher’s expression for grain bound- 
ary diffusion did not appear to be entirely valid for 
the low angle boundaries explains the anomalous 
behavior of the 825°C data of Fig. 13. For this same 
reason, the grain boundary coefficients for bound- 
aries less than 20° cannot be considered reliable, 
particularly at the higher diffusion temperatures. 

Whipple’ considered the mathematics of grain 


been 


Table !V. Summary of Calculations of the Grain Boundary Diffusion 
Coefficients of Nickel in Copper Analyzed According to 
Fisher's Equation 


Boundary 
Dit- 
fusion Co- Ds ‘ 
Misfit Pene- 5 Ds efficient, ( x10 
Angie tration 16 ce 16 Sq D 
Degrees Cm Cm per See Cm per See 
Diffusion Temperature, 650°C (1200°F)* 
22 1.59 3.17 0.76 
20 60 11.78 23.6 5.62 
0 105 6.1 72.3 172 
+ 145 68 6 137 32.6 
45 154 77.4 155 $6 8 
0 147 70.7 141 33.6 
60 115 43.5 86.6 20.8 
7 728 i9 19.8 9.1 
Diffusion Temperature, 150°C (1580°F) 
3S 4.16 0.83 0 65 
2 57 11.04 2.21 1.73 
( 90 274 5.48 4.28 
+ 121 49.7 oo 7.7 
130 57.1 a9 
} 120 48.8 9.75 7.42 
90 274 5.48 4.28 
7 48 78 1.56 1.22 
Diffusion Temperature, 800°C (1470°R)* 
I 32 1.23 2.45 0.48 
2 53 3.37 6.75 1.32 
BO 7.67 15.3 3.01 
4 104 13.0 26 5.1 
4 110 14.5 29 5.68 
50 104 13 26 5.1 
6 74 t.56 13.1 2.55 
7 + 2.13 7 0% 
Diffusion Temperature, 825°C (1517°R) 
i 108 8.232 1.67 143 
20 ila 9.27 1.85 1.58 
i148 2.97 2.54 
+ 22.1 445 78 
4 a 23.1 462 3.95 
72 212 424 3 62 
60 132 12.5 2.49 2.13 
70 113 9.11 83 1.56 
iiffusion temperature of 650°¢ 0.00005, D 
sq <r nd t 51.9x10* sec 
fiffus temperature of 750°C 0.00005, D 
sq or s and 14.9x 10° 
diffus temperature of 800°C es 0.00005, D, 
sq cm per se 4 68x ser 
iiffusion temperature of 825°C. 0.00005. D 
17x sq per s and 30.2x10 sex 


Fig. 13—Curves illus 1° 
trote the influence 
of groin boundary 
angle on the ratio of 
groin boundery dif 
fusion coefficient to 
lattice diffusion co- 
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boundary diffusion and gives an equation that is an 
exact expression derived without the simplifying 
assumptions made by Fisher. A simplified form of 
this expression is given as follows 


c/c, = 1.159 exp[—0.476 + 
0.398 B** (1— Bé) [6] 


where 
Z 
05 
(D,t) 
xX 
(D,t 
D, 
A — 
D 
0.5 | (A 1)- 
2(D,t) 
This may be used if 1 and is small. 


Calculations were made using Eq. 6 and the values 
obtained were in approximate agreement with Fish- 
er’s equation. Whipple’s values are larger by a fac- 
tor of 2 to 5 with the largest difference occurring at 
the low misfit boundaries. Table V lists the ratio of 
the coefficients calculated by the two equations and 
it shows that the ratio is fairly constant for the high 
angle boundaries. It is difficult to decide which of 
the two equations is the more correct in view of the 
fact that no exact estimate of the width of a grain 
boundary can be made at the present time. Since 
there is little basis for selecting one in preference to 
the other, the results calculated by Fisher’s equation 
will be considered for further discussion 

It should be noted that the failure to detect grain 
boundary diffusion at 915°C does not necessarily 
mean that the boundary diffusion coefficient is equal 
to the lattice diffusion coefficient. For example, if 
under the conditions used at 915°C the boundary 
penetration is 1 » more than the lattice penetration, 
then the ratio of the two coefficients, using either 
Fisher’s or Whipple’s equation, will be of the order 
of 10°, although it is doubtful if either of the two 
equations apply. Such small differences in the depth 
of penetration are beyond the limit of resolution of 
the techniques used in this investigation. This means 
then that very refined measurements and a more 
exact mathematical analysis will be 
evaluate accurately the amount of grain boundary 


required to 


diffusion that occurs at high temperatures as well as 
penetration that occurs in low angle boundaries at 
all temperatures 

The temperature dependence of the grain bound- 
ary diffusion coefficients can be correlated by the 
Arrhenius equation similar to that used for lattice 
diffusion. Fig. 14 shows the logarithms of the dif- 
fusion coefficients for the various boundaries plot- 
ted against the reciprocal absolute temperature. The 
correlation is good for the large angle boundaries 
over the entire temperature range but the low angle 
boundaries show deviations at the higher tempera- 
tures. This deviation is probably due to the inade- 
quacy of the mathematical analysis, as discussed 
previously 

From the slopes of Fig. 14, the activation energy 
for grain boundary diffusion can be calculated as a 
function of the grain boundary angle. These are 
shown graphically in Fig. 15. Although the results 
are not conclusive, it appears that the activation 
energy is markedly dependent on the grain bound- 
ary angle at low angles and less so at higher angles 
A rapid decrease occurs up to @ = 20° with no fur- 
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Fig 14—Groin bound. 
ary diffusion coeffi 
cients ore given as 
function of the re- 
ciprocal absolute 
temperature 
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Fig. 15—Activation energy for grain boundary diffusion of 
nickel into copper is given as a function of grain boundary 
angle 


ther change occurring for larger values of @. The 
dependence of the activation energy on @ resembles 
closely the dependence of the interfacial energy of a 
grain boundary on @ which increases to @ = 25°, then 
Such an interrelationship is 
reasonable, since both energies are a measure of the 
binding forces between atoms in the grain boundary 
region of a metal 


remains fairly constant 


Conclusions 

The extent of nickel penetration along the grain 
boundaries of copper is dependent upon the degree 
of crystallographic misfit between the grains form- 
ing the boundary, with the maximum penetration 
occurring at the point of maximum misfit 

The ratio of grain boundary diffusion coefficients 
to lattice diffusion coefficients at low concentrations 


of nickel is of the order of 10° to 10° for the tempera- 


Table V. Comparison of Groin Boundary Diffusion Coefficients for 
the Diffusion of Nickel in Copper Calculated by Whipple and 
Fisher's Equations 


Tem- Ratic of D. (Whipple) te Dy (Pieher) fer the 
pera Indicated Values of 
tere 
65 O4 22 22 22 2.19 aK 2.18 227 
35 248 2.24 224 224 248 
800 2 289 25 2.53 53 20 408 
825 1.95 847 4.43 4.07 306 
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ture range of 650° to 825°C and for grain boundary 
angles of from 10” to 70 
"Ty 


he activation energy for grain boundary diffu- 
jon of nickel into copper decreases with increasing 
& 


boundary angle and varies from 64.8 kcal pé 
for 0° misfit (pure lattice diffusion) to 38.5 kcal pe 
g mol at maximum misfit 


The available mathematical solutions for the cal- 


culation f grain boundary coefficients are atistac- 
tory for high angle boundaries but are only approx- 
imations f low angle boundaries 
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Bainite Reaction in a 


Plain Carbon Steel 


in the steel studied were found to be morphologically 
ontinuous. Following the classification scheme of 
Mehl and Dube,’ three principal morphologies of 
proeutectoid ferrite were identified in the tempera- 
ture region (625° to 550°C) in which the two re- 
actions biend—grain boundary allotriomorphs,* 


*G b lar triomorphs are crystals which nucleate at 
grow preferentia : g matrix grein boundaries 


Widmanstaetten side plates, and intragranular 
plates. Carbide precipitation converted these mor- 
phologies into their bainitic equivalents with in- 
creasing isothermal reaction time. Conversion took 
place more rapidly as the reaction temperature was 
The replacement of supersaturated ferrite 
by bainite, however, did not occur uniformly even 


within individual austenite grains and was notice- 
ably incomplete at higher transformation tempera- 
tures, e.g.. 625° to 575°C. The ferritic and bainitic 

ms of a given morphology thus were frequently 


found to coexist, often inextricably intermixed, in 


a given specime! 
At 625° and 600°C, the conversion of ferrite to 
mainite was clearly seen to have occurred entirely 


by the nucleation of carbides at ferrite/ferrite 
boundaries, as shown in Fig. 1. The nature of the 
ci at which carbides formed at lower tempera- 
ires wa ften difficult to ascertain with a light 
microscope, although the alignment in rows of many 


yf the carbides, illustrated in Fig. 2, suggested that 


tion had again occurred at grain boundaries 
ubboundaries within the ferrite. Application of 


the electron microscope confirmed this deduction 
for bainitic structures formed at these temperatures, 


n in Fig. 3. The dense black appearance of 
bainite formed at very low reaction temperatures 
n I her carbon steels’ indicates, however, that 


isolated lattice defects within ferrite crystais prob- 
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Fig. 1—Precipitation of bainitic carbides at 


ferrite/ferrite boundaries within pinged dary 


grain boundary allotriomorphs. Bockground stoetten side plates 
is partially spheroidized peoarlite. Reacted 
for 3% hr ot 625°C. Specimen etched in 
2 pet nital. X1000. Area reduced approx. 25 
pct for reproduction. 


production. 


ably become important nucleation sites for carbides 
under such circumstances. Carbide precipitation at 
austenite/ferrite boundaries was not observed in 
any specimen studied so far, in disagreement with 
the results of Hultgren.‘ 

Utilizing the data of C. S. Smith," 
that carbides nucleate only at ferrite/ferrite bound- 
aries may be explained by the decrease (approxi- 
mately 7 pet) in the specific interfacial energy of 
the nucleus/nucleation site interface which accom- 
panies carbide precipitation at these boundaries as 
compared with the large increase (approximately 
31 pct) in the specific energy of this interface which 
would result if carbides were to nucleate at aus- 
tenite/ferrite boundaries. Current nucleation theory 
considers that rates of nucleation are very markedly 
dependent upon the interfacial energy of the nucleus 
The energy relationships described accordingly re- 
nucleation at 


the observation 


quire effectively zero rates of carbide 
austenite/ferrite interfaces, as is experimentally 
observed 

The morphology, growth rates, and relative dis- 


tribution of ferrite crystals, as well as the avail- 
ability of nucleation sites within and between these 
crystals, have been found to affect rates of conver- 
sion to bainite. Rows of grain boundary allotrio- 
morphs normally contained the lowest densities of 
carbides, while groups of Widmanstaetten side 
plates generally exhibited the highest carbide den- 
sities. Fig. 2 shows a typical example of the un- 
equal levels of carbide precipitation in these mor- 


phologies. Carbides formed in intermediate num- 
bers within intragranular plates at early stages of 
reaction. As transformation of the austenite ap- 
proached completion, however, extensive carbide 


precipitation occurred at the boundaries between 
impinging intragranular plates at temperatures as 
high as 575°C 

It has been reported that the pearlite and bainite 
overlap in time over appreciable ranges 
in several plain carbon and alloy 
also found to occur 

in this investiga- 
however, that the pearlite 
pated significantly in the final stages 
when the average density of 


reactions 
of temperature 
he two reactions were 

used 


steels 
simultaneously in the 
tion. It observed, 
reaction parti 
of transformation only 


steel 


Was 
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allotriomorphs and 


525°C. Specimen etched in 2 pct nital 
X1000. Area reduced approx. 25 pct for re 


Fig. 3—Electron micrograph’ of carbides ot 
territe/ferrite boundories. (The four large 
“humps” near the center of the field are fer- 
rite; an effect of orientation upon etching 
rates is presumably responsible for the un- 
usual appeorance of these crystals.) Reocted 
7 sec at 550°C. Polystyrene-silica replication, 
chromium shadowing used. Specimen etched 
in 2 pet nital. X4250, enlarged to X8500. 
Area reduced approx. 25 pet for reproduction 


in grain 
in Widman- 
Reocted for 4 sec at 


carbides within the ferrite formed earlier was small, 
e.g., at 600°C and, to a lesser extent, at 575°C. When 
extensive precipitation of bainitic carbides occurred, 
as at 550°C and below, the pearlite reaction was 
essentially confined to the earlier stages of trans- 
formation. Decomposition of the austenite at these 
lower temperatures was entirely completed by the 
bainite reaction to within the limits of detection of 
the metallographic method. No period of stasis in 
the formation of bainite was observed at any re- 
action temperature studied, in marked contrast to 
the behavior of the bainite reaction in many alloy 
steels.” 

Britton and coworkers” have made a brief study 
of the bainite reaction in an 0.66 pct C, 0.85 pet Mn 
steel and have found the conclusions discussed 
previously to be applicable to this alloy 


basic 
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Diffusion of Zinc and Copper in Alpha and Beta Brasses 


investigations of chemical diffusion 
na bra have been made and the results are 


collected in several places This work has been 
mal concerned with the determination of the 

ch liffusivity a Tunct cf 

and temperature. In 1947 S 

da howed that zinc and copper diffuse a 

rate r lace entered-cubik j 

a numbe f eff Nave 

the c diffu tie f zi and ppe n th 

4 H ne ind Met r ticula have e- 
er lets ned the tru iiff tie s func- 
t f temperature tion using ind- 
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i have lete the fu tie 
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Fig. 1—Diffusion-penetration curves are given for a brass 
vapor-solid couples at 700°C 


Penetration 


inequal diffusion rates of zinc and copper, 


olume chang 


es occur and subgrain formation is 
In addition, signif- 
t rosity is produced by the precipitation of 


icant pore y 


upersaturated vacancies. Diffusion in this alloy is 
therefore outwardly similar to diffusion in a brass 
where these effects are also observed 
a Brass 
Experimental Methods—-The use of vapor-solid 
couples } idying diffusion in a brass has been 
described in previous articles The method briefly 
sts of sealing a copper specimen with Kirken- 
initially placed on its surface in an 


capsule along with a large zinc 
» brass chips and then diffusing the 
nc into the specimen through the vapor phas« 


ntration at the specimen surface rises 


The mce 

apid enough to a value near that of the a brass 
ce so that the surface concentration may be re- 

garded as constant during diffusion. Under these 

boundary conditions, values of the chemical diffu- 


be obtained by applying the Boltzmann- 
Matano analysis to the concentration penetration 
curve and the intrinsic diffusivities may be ob- 
tained from Darken’s® equations when the velocity 


is known 


of marke movement 
The diffusion specimens were made from OFHC 
copper in the form of disks 3.2 cm diam and 0.5 cm 
thick with faces surface-ground parallel to within 
0.001 cn Markers in the form of fine alumina 


rticles <0.0002 cm diam were placed on the speci- 


These specimens were then sealed in 


nen surface 


iles along with enough a brass chips of 


quartz cat 
a 30.0 atomic pct Zn composition to keep the source 


more than 0.3 


concentration from decreasing by 
atomic pct Zn as a result of the loss of zinc to the 
specimen during diffusion. The quartz capsules 


which were initially evacuated to a pressure of 
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comnonent« are af tho came ant 


Table |. Compilation of Intrinsic Diffusivity Data for a Bross 


Intrinsic Dit- 
fusivities at 
Atemic Pet 
Calealsted 

from Diffusiv- 
ity Raties and 
D Valees from 


Pig. 2 
Marker Marker Die. 
Tem- Compe- Moeve- Dew, Sq Cm 
pera- sition ment, SqCm 
tere, Time, Atomic Cm Dm/ perSee See 
Reference Hr Pct Zn Dew 
Present work 700 223 29.1 45 5.7 0.19 11 
Present work 700 501 29.3 8.0 59 0.22 13 
Present work 800 89.5 28.6 65 5.0 l4 70 
6 850 69 7.0 4 5.2 3.8 20 
Present Work 860 23.5 28.3 64 5.3 43 23 
5 890 159 27.0 15 5.8 9.7 56 
6 890 187 27.0 16 5.7 9.3 53 
6 890 35.3 28.0 12.0 5.3 98 52 
Present work 910 2.0 28.1 3.6 47 9.1 2 


about 0.l« Hg were then uniformly heated for vari- 
ous times at 700°, 800°, 860°, and 910°C 

After diffusion, the buried markers were found 
by polishing into one side of the disk until all edge 
effects were removed and the depth of burying be- 
low the surface was measured. Concentration-pene- 
tration curves were then obtained by chemical anal- 
ysis of parallel slices machined from the diffusion 
zone. The slices were analyzed for copper content 
by the electrolytic method and the zinc concentra- 
tion was obtained by difference 

Results—A summary of the diffusion runs that 
were made is given in Table I. Two typical diffu- 
sion curves at 700°C are shown in Fig. 1. The Kirk- 
endall marker data are given in Table I along with 
the ratio of the intrinsic diffusivities calculated from 
the ratio of the amounts of zinc and copper diffused 
past the markers. Corresponding data at 850° and 
890°C from previously published work" are also 
included. Values of the chemical diffusivity as a 
function of concentration were next obtained from 
the diffusion curves by applying the Boltzmann- 
Matano analysis and are shown in Fig. 2. Included 
in this figure are values at 890°C which were taken 
from previous work.’ Values of log D vs 1/T are 
plotted in the conventional manner in Fig. 3 for dif- 
ferent concentration levels. The intrinsic diffusiv- 
ities of copper and zinc were then calculated for 
different temperatures at the average marker con- 
centration of 28 atomic pct Zn from values of the 
chernical diffusivity (D N,,. Do. + Ne Da.) at this 
concentration and the ratios of the diffusivitie 
These results are given in Table I and are plotted 
vs 1/T in Fig. 4. Assigning the observed diffusivity 
ratios in Table I to the average marker composition 
of 28 atemic pct in this manner is permissible, since 
the ratios are insensitive to small variations of zinc 


concentration within the accuracy of the present 
experiments. All the diffusivities appear to vary 
with temperature according to the usual form 
H 
D = A-exp| ) [1] 
RT 
for the chemical diffusivity, or 
H, 
D,=A exp| ) [2] 
RT 


for the intrinsic diffusivity, and values of the con- 
stants in Eqs. 1 and 2 are presented in Table II 
Discussion—The present data are compared with 
values from refs. 8 and 9 in Figs. 3 and 4. Inman 
et al. determined the diffusivities of zinc and copper 
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in homogeneous alloys using a tracer technique. 
These data have been converted to chemical dif- 
fusivities for present purposes by using Darken’s 


diny, 
equations’ D D,.* (1 +N, ) and D 


N.D,+N,D,. The activity coefficients used were 
obtained from ref. 12. At the low zinc concentra- 
tions, the agreement between the present diffusiv- 
ities and the values of Horne and Mehl is excellent 
(Fig. 3). Inman et al. determined D values at a zinc 
concentration <1 pet Zn and these values are ap- 
proximately 50 pct smaller than the corresponding 
values of the present work and of Horne and Mehl 
At the higher zinc contents, the present values are 
consistently somewhat lower than those obtained by 
Horne and Mehl. However, they are in rather good 
agreement with the values of Inman et al. Some 
loss of accuracy may be expected at the extremes 
of the composition range where the precision of the 
Boltzmann-Matano analysis is lower because of dif- 
ficulty in determining the exact slope of the diffu- 
sion curve. In order to minimize errors in the anal- 
ysis at these concentrations, a number of D deter- 
minations were made and the best smooth curve 
was drawn through the resulting points as seen in 
Fig. 2. This smoothing process was used in re- 
analyzing the earlier data at 890°C’ and accounts 
for the approximately 25 pct difference between the 
presently reported intrinsic diffusivities at this tem- 
perature and the previously published values.’ 

In general, the agreement between all of these 
data is considerably better than the agreement 
among the earlier data (see, for example, ref. 2) 
The intrinsic diffusivity data in Fig. 4 compare in 
the same manner. The present values (at 28 pct 
Zn) and those of Inman et al. (at 27 pct Zn) seem 
in quite good agreement. The values of Horne and 
Meh! (at 25.2 pct Zn) are found to be higher when 
the increase of diffusivity with concentration is 
taken into account 


| 


© 501 


+ 223 Hee 


| 
s 10 20 2s 


Atomic Percent Zinc 
Fig. 2—Chemical diffusivity in a bress at different tempera- 
tures (°C) is shown os co function of composition. Dota for 
the 890°C line are taken from ref. 7 
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uniformly heated for various times at 600°, 700° 
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Table ||. Frequency Foectors ond Heats of Activation for Diffusion 


in Bross 
( om pesition Preqeency Factor 
Atemtc Pet 7a Sq Cm per See 
20 ‘ ve 
‘ 
‘ ai 


Heat of Active 
tien, Cal per Mel 


40 
40 
40,80 
41. 
41.200 
42.700 
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components are of the same order, H, and H, should 
not be expected to be greatly different. The present 
values for H,, and H.. which are tabulated in Table 
II correspond to this case 

The actual values of the constants for Eqs. 1 and 
2 cannot be regarded as highly significant. The 
values were obtained from data extending over a 
relatively narrow temperature range and Nowick” 
has thoroughly discussed the problem of determin- 
ing the true values of these quantities under such 
conditions. It is apparent however that H,, and H,, 
must be closely the same, since the ratio of diffu- 
sivities (see Table I) which is given by 


( exp | - (He He.) | [4] 


D 


shows very little systematic variation with tem- 
perature 

Nevertheless, the present heats of activation are 
in the neighborhood of 40,000 cal per mol which is 
n good agreement with the values obtained by 
Inman et ai. at the 27 pet Zn concentration. The 
value of 51,000 cal per mol obtained by Inman et al 
from only two determinations at the <1 pct Zn 
composition seems too high, since the value of H for 
the self-diffusion coefficient of copper is = 47,000 
cal per mol.“ The present data are not accurate 
enough to show any continuous decrease of H with 
increasing zinc that might be expected to partially 
account for the observed increase of D with zinc 
content. The decrease in H to a value of 30,000 cal 
per mol which is found by Horne and Mehl at the 
$0 atomic pct composition, however, seems too rapid 
when compared to the other results. Hino” in some 
preliminary unpublished work reports an activation 
nergy of about 40,500 cal per mol for the diffusion 
of radioactive zinc in homogeneous a brass con- 
taining about 30 atomic pct Zn. It would seem on 
the basis of the available measurements, therefore, 
that the actual value of H most probably decreases 
with increasing zinc content from a value somewhat 
below that of the self-diffusion coefficient of copper 
to a value of approximately 40,000 cal per mol at 


the a brass composition 


Present wort of 26% In 


o—— Horne ond MeN of 25.2% Zn | 
+ et al ot 27% Zr 
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Fig. 4—Log of intrinsic diffusivity has been plotted vs 1/T(*K) 
for a brass ot 28 atomic pct Zn 
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Fig. 5—Ditfusion-penetration curves are given for § brass vapor- 
solid couples at 600° and 700°C 


It is not clear at present whether the differences 
in the foregoing diffusion data could be due to the 
different types of diffusion couples used or whether 
they are due to other causes. In general, it seems 
that techniques, such as the present one, involving 
chemical analysis of couples containing compara- 
tively larger concentration differences are not suit- 
able for the most precise determination of diffusion 
coefficients. Factors such as plastic deformation, 
nonequilibrium vacancy effects, porosity formation 
and dimensional changes may be significant in cer- 
tain cases. It would be interesting at this point to 
carry out precision diffusivity determinations, using 
tracer techniques in incremental couples over a wide 


range of temperatures 


8 Brass 
Two types of diffusion couples were used to study 
the Kirkendall effect in § brass. The first type in 
which zinc vapor from § brass chips was diffused 
into a disk specimen of a lower zinc content was 
similar to the type already described in the a brass 


experiments. This couple was used to investigate 


the different diffusion rates of zinc and copper and 
also the dimensional changes and polygonization 
which occurred during inward diffusion of zinc. In 


the second type of couple, the zinc flux was reversed 
and the zinc was diffused out of the specimen via 
the vapor phase into fine § brass chips of a lower 
zine content. This couple was useful for 
porosity formation and accompanying volum: 
changes during the outward diffusion of zinc 
Intrinsic Diffusivities of Zine and Copper 

Experimental Methods: The couples used to inves- 
tigate the intrinsic diffusivities of zinc and copper! 
were made by sealing 8 brass disks containing 43 
atomic pct Zn in quartz capsules along with a larger 
mass of loosely packed 8 brass chips of a 48 atomic 
pct composition. The capsules which were initially 
evacuated to a pressure of about 0.14 Hg were then 


followir 


uniformly heated for various times at 600°, 700°, 
and 800°C. Enough chips were used so that the zinc 
source composition did not decrease by more than 
0.5 atomic pct Zn as a result of the transfer of zinc 
to the disk specimen during diffusion. The disks 
were made 3.0 cm diam and 0.75 cm thick and were 
machined with faces parallel from coarse grained 
8 brass castings which were made by directionally 
cooling brass melts in sealed and evacuated quartz 
capsules. After the machining operation, the disks 
from each casting were again sealed in an evac- 
uated capsule and were homogenized at 825°C for 
48 hr. These disks which had a final coarse grain 
size of about 1 cm were next electroplated with a 
0.003 cm thick chromium plate, leaving one face 
exposed. The chromium plate served to prevent 
zinc penetration into all surfaces except the one 
exposed face and so reduced undesirable edge effects 
This technique allowed a greater amount of zinc 
diffusion into the exposed face than would have 
been possible if all surfaces had been equally ex- 
posed and chemical analysis proved that negligible 
zine penetrated the chromium layer. The markers 
were put on the disk surfaces before diffusion in the 
form of fine alumina particles <0.0002 cm diam 
After the diffusion anneal, the specimens were 
water quenched in order to prevent any phase trans- 
formation upon cooling. A cross-section of each 
diffusion zone was obtained by polishing into one 
side of the disk until all edge effects were removed, 
and the depth of burying of the markers was 
measured. No porosity was found anywhere in the 
diffusion zones of these couples. The concentration- 
penetration curves were obtained by chemical anal- 
ysis of parallel slices machined from the diffusion 
zone. Marker movements were then obtained by 
locating the position of the original interface rela- 
tive to the final surface by graphical integration and 
subtracting the measured depth of marker burying 
Results: The displacement of the markers is given 
in Table III for all runs. The markers were found 
to move outward with increasing time, thereby 
proving that zinc diffuses more rapidly than copper 
and establishing the existence of a Kirkendall effect 
It was also immediately apparent from the results 
of the chemical analyses that the surface concentra- 
tion did not rapidly increase to a value approaching 
the concentration of the zinc source during the early 
stages of the run as was found to be the case in 
a brass’ but instead remained appreciabiy lower at 
all observed times. Two typical diffusion curves at 
600° and 700°C are given in Fig. 5. The final sur- 
face composition at the end of each run is given in 
Table III along with the composition at the marker 
and the compositions of the source and original disk 
The problem of maintaining the surface concentra- 
tion constant during diffusion and thereby estab- 


Table Ill. Diffusion Data for 8 


( ompesition Base Com posi 


Tem pera- of Zine Seurce tien of Disk 
tere, oC Time, Hr Atemic Pet Zn Atemic Pet Zn 
600 24 
600 40 49.0 a4 

405 41.7 
600, ret. 9 - 450 

7 10 7 “42 
700 25 50.2 42.7 
700 165 as 

700, ref. 9 450 

800 10 474 2A 
800, ref. 9 45.0 -- 


Brass Vapor-Solid Diffusion Couples 


Final Sarface Final Compesition Marker 
Compositien at the Markers, Mevement, 
Atemic Pet Zn Atemic Pet Za Dow 
47 472 10 24 
472 471 26 16 
“9 58 
2.1 
48.3 482 23 32 
“9 34 30 
47.3 472 5.7 26 
20 
“7 49 20 
14 
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b—Photogram was 
token after diffusion 
at 800°C for 3'2 hr. 


a—Photogram was 
token before ditty 


Fig. 6—Lawe bock-reflection X-ray photogroms of volume adjocent to surface, 8 brass couple 
liishin constant boundary conditions has been dis- present alloy by en pioying two vapor-solid couples 
1SS¢ ‘ ] the surface concentration imilar to those previously described. Tungsten 
" sined essentially « tant, the Matano anal- wires 0.075 cm diam were first welded onto each 
: iy be applied to the penetration curve and D specimen face to use as gage marks. Zinc was then 
; ulus i ‘ " ated. Howeve th ur liffused into these 0.75 cm thick and 3.0 cm diam 
r onge apple when the irlace oncentration lisks at 800°C for 1 and 2 hr Measurements after 
ari n an undetermined anner. Consequently liffusion proved that linear dimensional changes 
va n rx ble to calculate an ave ge valu normal to the diffusion direction were less than 0.1 
the at f diffusivities (D )..) from the pres- pet This result therefore agrees generally with 
lata | finding the rat f the ar int f zin prev j measurements on face-centered-cubic 
liffused past the marke n each case meta yuples and also validates the graphical inte- 
hese atte juantitic were btained graphical) grations used in the previous section for the deter- 
eas under the diffusion curve and ar ven minations of the position of the original interface 
Table Hl with é i é f and the liffusivities. These graphical meth- 
in eta e the coms tion range wa mail of course, depend upon a constant specimen 
these « j ‘ these diffu vit at 11a rete cl -section 
bout 46 ator pet Zn whict Subgrain Formation During Diffusion—Extensive 
‘ than the final marker cor ntration i subgrain formation has been found to occur in the 
nterestil t e tnat ne t diffu nm zom ot everal face-centered-cubic al- 
, a te t i with time i Loy TI process appears to be a result of the 
here ef ‘ ‘ e changes and mass flow accompanying dif- 
ve hanges as we It doe fusion and the restraints imposed upon the mass 
t t Tere I t 1a flow t the bulk of the specimen This phenomenon 
t f the ) pet d epancy between the nsequently was investigated in 8 brass by both 
tr et Phe x X-ra ind metallog aphic method 
nat f the A irface concentrat not A vapor-solid couple with a grain size of about 
i t if ent As |} peen prev i ' l em and milar to those previou ly described was 
I t A ‘ ised The irface of the well annealed disk was 
the tirn juired for the i t carefull electropolished to a metallographic 
ntrat to aj ht ncentrat f finish and a back-reflection Laue X-ray pattern was 
he \ gl lation based upon the taken of the volume adjacent to the surface. The 
‘ that iff xX } bean ised Va co mated to a 0.060 cm 
‘ at : ipid and that LD at ham The photogram shown in Fig. 6a is char- 
the phase na pa int f the 
w surface tat the fast the on ' 


re t r ‘ ist the 

tod the lirect Hi VeVe 
nang tf 1iff 


= ang Fig. 7—Finol surfoce of brass disk is shown after diffusion 

ot 800°C for 3'2 hr. Arrow indicotes position of high energy 
irements were made Of any dimensional groin boundary X100. Area reduced approximetely 40 pct 
l to the direction of diffusion in the tor reproduction 
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acteristic of the pattern of a recrystallized metal 
usually obtained by this technique. Zinc was then 
diffused into this disk for 3% hr at 800°C and the 
surface was re-examined and X-rayed in exactly 
the same area previously used. Metallographic 
examination of the surface revealed the subgrain 
structure over the entire surface which is shown in 
Fig. 7. The position of a high energy grain boundary 
is indicated by the arrow and illustrates the differ- 
ence in the surface grooves produced at the inter- 
sections of the surface with the various interfaces 
The X-ray pattern after diffusion is shown in Fig 
6b. The originally single sharp spots have been 
broken up into a number of smaller ones in a pat- 
tern typical of a subgrain structure. The angulai 
difference between adjacent subgrains was estimated 
to be of the order of 0.5° from the spread of spots 
in each cluster 

Porosity Formation—When a brass is heated in 
vacuo, the zinc diffuses outward into the vacuum 
more rapidly than copper diffuses inward to replace 
it and vacancies are therefore deposited in the alloy 
These vacancies reach supersaturation and a fraction 
of them precipitate out in the form of observable 
pores The remaining vacancies are destroyed at 
various sinks within the specimen causing a volume 
contraction 

Porosity formation in § brass at 800°C was studied 
by diffusing zinc out of single crystal disk speci- 
mens containing 49 atomic pct Zn after sealing 
them in evacuated quartz capsules containing a 
large mass of 40 atomic pct Zn 8 brass chips. The 
disks were made 0.5 cm thick and 1.5 cm diam from 
single crystals which were prepared by sealing th 
brass in quartz capsules and employing the Bridg- 
man method. The diffusion anneals were made at 
800°C for various lengths of time and the amount 
of porosity formed at each stage was followed by 
taking 
air—weigh-in-water method. The results are giver 
in Fig. 8. For purposes of comparison, the percent- 
age of porosity has been included, which would 
have been obtained if all the 
were left behind by the unequal fluxes of zinc 
and copper had precipitated as pores 


jensity measurements using the weigh-in- 


vacancies which 


were calculated by assuming that the atomic 
volumes of zinc and copper are equal and by allow- 
ing for the counterflow of copper and the all 
lattice parameter shrinkage caused by the loss of 
zinc. The counterflow of copper was assumed to be 
one-third as large as the outward zinc flow. These 
curves may be compared to other result btained 

§ a 
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ay 
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Fig. 8—Percentoge of volume porosity produced in § brass 
during outword diffusion of zinc at 800°C is shown. 
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Fig. 9—Cross-section shows 50 pct Cu-50 pct Zn 8 brass single 
crystal dezincified at 800°C for 5.5 hr in the presence of 60 pct 
Cu-40 pct Zn 8 bross chips. X200. Area reduced approximately 
45 pct for reproduction 


for a« brass It is clear that a large fraction of 
vacancies precipitated as holes during zinc loss in 
both alloys. The porosity in the specimen diffused 
for 5.5 hr is shown in Fig. 9. The width of the 
porous region is fairly narrow, since high enough 
vacancy supersaturations for hole formation must 
have been reached only in the regions near the 
specimen surface. The low supersaturations reached 
elsewhere must have been partly a result of the 
relatively small concentration difference between 
the specimen and the brass chips. The average hole 
size which is considerably larger than in the case 
resulted from the small number 
of heterogeneous nuclei which became active in the 
presence of a low supersaturation and the relatively 
high diffusion rate of vacancies in this alloy 

show that all of the phe- 
Kirkendall 
8 brass and 


of a brass may have 


Discussion——The results 
nomena presently associated with the 


accompany diffusion ir 


effect 1n a bra 
that diffusion in this body-centered-cubic alloy is, 
similar to diffusion in 
Diffusion 
more rapid, however, in the nonclose-packed body- 


therefore, at least outwardly, 
the face-centered-cubic structure much 


red-cubic phase, as seems to be the case in 
tems where diffusion rates in face-centered- 
cubic and body-centered-cubic phases have been 
compared. A number of the present findings agree 
with the work reported by Landergren and Mehl 


f D,. and D., calculated by Heumann”™ 


from data communicated by Landergren and Mehl 
cannot be accepted, however, since Heumann em- 
ployed an improper form of Darken’s equation 
The fact that the diffusivity ratios reported in Table 
III do not show any marked variation with tem- 
perature indicates that H,. and H,, for 8 brass are 
not greatly different, see Eq. 4 
On the basis of these results, it seems that Zener’s’ 
ring exchange mechanism cannot be the main chem- 
diffusior mechani in oras A discussion 
of the ring exchange mechanism has been recently 
given by LeClaire where it suggested on the 
I of a terpretation of observed frequency 
factor values that self-diffusion occurs by a 4-ring 
mechanisn n body-centered-cubic metals. The 
viewpoint that the ring mechanism may be favored 
in none e-packed structure uch as #8 brass may 
be ruled out for at least chemical diffusion, since 
this mechanism cannot account for the observed 


idall phenomena 
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Table |. Thermal Conductivity of Vanadium and Certain 
Vonadium Alloys 


Therma! Condactivity at 
Alleying Element, 77°C, Cal Sec’ Cm 
Wt Pet" 


0 084 

5 Ti 0 069 

10 T 0 058 
2 

20 T 0.047 
1 

T 0.031 
2 

0.024 
0 

s 0 063 
8 

0 050 
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Kinetics and Mechanism of the Oxidation of Molybdenum 


by M. Simnad and Aija Spilners 


The rates of formation of the different oxides on molybdenum in pure we at | atm 


pressure have been determined in the temperature range 500° to 770°C. 


he rate of 


vaporization of MoO, is linear with time, and the energy of activation for its vaporiza- 
tion is 53,000 cal per mol below 650°C and 89,600 cal per mol at temperatures above 
650°C. The ratio MoOse.roricie/MOOneuresee increases in a complicated manner with time 
and temperature. There is a maximum in the total rate of oxidation at 600°C. At tem- 


peratures below 600°C, an activation on 


y of 48,900 cal per mol for the formation of 


total MoO, on molybdenum has been evaluated. The suboxide MoO, does not increase 
beyond a very small critical thickness. At temperatures above 725°C, catastrophic oxi- 
dation of an autocatalytic nature was encountered. Pronounced pitting of the metal was 
found to occur in the temperature range 550° to 650°C. Marker movement experiments 
indicate that the oxides on molybdenum grow almost entirely by diffusion of oxygen anions. 


SEFUL life of molybdenum in air at elevated 
temperatures is limited by the unprotective 
nature of its oxide which begins to volatilize at 
moderate temperatures. Although the oxide/metal 
volume ratio is greater than one, the protective na- 
ture of the oxide film is very limited. Gulbransen 
and Hickman’ have shown, by means of electron 
diffraction studies, that the oxides formed during 
the oxidation of molybdenum are MoO, and MoO 
The dioxide is the one present next to the metal 
surface and the trioxide is formed by the oxidation 
of the dioxide. Molybdenum dioxide is a brownish- 
black oxide which can be reduced by hydrogen at 
about 500°C Molybdenum trioxide has a colorless 
transparent rhombic crystal structure when sub- 
limed, but on the metal surface it has a yellowish- 
white fibrous structure. It is reported to be volatile 
at temperatures above 500° and melts at 795°C. It 
is soluble in ammonia, which does not affect the di- 
oxide or the metal 
In his extensive and classic investigations of the 
oxidation of metals, Gulbransen’ has studied the 
formation of thin oxide films on molybdenum in the 
temperature range 250° to 523°C. These experi- 
ments were carried out in a vacuum microbalance, 
and the effect of pressure (in the range 10° to 76 
mm Hg), surface preparation, concentration of inert 


gas in the lattice, cycling procedures in tempera- 


ture. and vacuum effect were studied. The oxida- 
tion was found to follow the parabolic law from 
250° to 450°C and deviations started to occur at 
450°C. The rates of evaporation of a thick oxide 


film were also studied at temperatures of 474° t 
523°C. In vacua of the order of 10° mm Hg and at 
elevated temperatures, an oxidation process was 
observed, since the oxide that formed at these low 
pressures consisted of MoO, which has a protective 
action to further reaction in vacua at temperatures 
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a claced weighing tube as soon as they had cooled. 


up to 1000°C. Electron diffraction studies showed 
that, as the film thickened in the low temperature 
range, MoO, became predominant on the surface 
Above 400°C MoO, was no longer observed, MoO 
being the only oxide detected 

The failure to detect MoO, on the surface of the 
film formed at the higher temperatures does not 
militate against the formation of this oxide, since 
according to free energy data MoO, is stable up to 
much higher temperatures. At the low pressure 


employed this oxide would volatilize off as OOon @5 
it was formed. Its vapor pressure is relatively high 


and is given by the equations 


log p 16 140 T 5.53 log T 
30.69 (25°C—melting point) 
LOZ Pimm me 14,560 —7.04 log T 


34.07 (melting-boiling point) 


Lustman’ has reported some results on the scal- 
ing of molybdenum in air which indicate a discon- 
tinuity at the melting point of MoO, (795°C). Above 
the melting point of MoO,, oxidation is accompanied 
by loss of weight, since the oxide formed flows off 
the surface as soon as it is formed Rathenau and 
Meijering’ point out that the eutectic MoO,-MoO, 
melts at 778°C, and they ascribe the catastrophic 
oxidation of alloys of high molybdenum content to 
the formation of low melting point eutectics of MoO, 
with the oxides of the melts present. Fontana and 
Leslie’ explain the same phenomenon in terms of 
the volatility of MoO,, which leads to the formation 
of a porous scale 

Recent unpublished work by Speiser” on the oxi- 
dation of molybdenum in air at temperatures be- 
tween 480° and 960°C shows that the rate of weight 
change of molybdenum is controlled by the rela- 
tionship between the rates of formation and evapo- 
ration of MoO, They have measured the rates of 
evaporation of MoO, in air at different temperatures 
and estimated an activation energy of 46,900 cal 
This compares with the value of 50,800 cal per mol 
obtained by Gulbransen for the rate of sublimation 
of MoO, into a vacuum 
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metal-oxide interface. At these temperatures the 
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Fig. |—Onidetion unit used for tests is shown in schematic 
diagram. Numbers represent: |—aylon thread, 2—silica rod, 
}—+ilica tube, 4—furnoce, 5—pletinum wire, 6—specimen, 
?<oiled silica tube oxygen outlet, 8—pletinized asbestos, 
9—cold trap, and 10—fowmeter 
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Fig. 2—Isothermal curves show the rate of formation of MoO 
vapor below 700°C 


Experimental Procedure 
The molybdenum sheet, 1 mm thick, was ob- 
from Westinghouse Electric Corp. and has 
nalysis of 99.9+ pct. The specimens were cut 
1x1.5 em and abraded with grit paper, finishing 
+r. They were measured, degreased 
V ne and alcohol, weighed, and then loaded 
nto the furnace which had been flushed out with 
the pure dry oxygen. Care was taken to line up the 
ecimen in the center of the furnace tube directly 


bove the oxygen inlet 

At temperatures above 725°C, the phenomenon 
if tocatalytic oxidation took place, which re- 
i in the the specimens and thelr 


omplete disappearance within very short times 
n can be explained by the fact that 


This phenomeno 


the heat of formation of the oxide raises the surface 


temperature of the metal to above the melting point 
of the MoO, which melts and runs off the sample 
Fresh metal continuously exposed to the oxygen 
nd the oxidation rate is catastrophic. This effect 
was overcome by first preoxidizing the sample at a 

e in the furnace where the temperature was 
725°C for a period of 10 min. It was then lowered 
to the zone which was at the higher temperature 
being studied. Preoxidation of more than 8 min 
juration at 725°C was sufficient to prevent burning 
of the samples at the higher temperatures 

Several experiments were carried out at 725 C to 
check the influence of moisture in the oxygen upon 
the ite of oxidation of molybderum, since it has 


-d that the vapor pressure of molybde- 
trioxide is increased in the presence of water 


vapor The oxygen was bubbled in a fine stream 
through a column of water before entry into the 
furnace. No appreciable increase in the oxidation 


rate could be detected, and it was concluded that 
the effect of moisture upon the oxidation rate is 
negligible at these temperatures. The study of the 
effect of moisture was not pursued further and all 
experiments were carried out in dry oxygen 

A new sample was used for each time and tem- 
perature. At the end of each test, the specimens 
were removed from the furnace and reweighed in 


TRANSACTIONS AIME 


| 


a closed weighing tube as soon as they had cooled, 
since exposure to moist air for periods longer than 
a few minutes resulted in a marked increase in 
weight of the oxidized specimens. The MoO, re- 
maining on the surface was then dissolved in am- 
monia and the sample again weighed. Next, the 
quantity of MoO, present on the surface was deter- 
mined by reduction with hydrogen at 700°C for 2 
hr. At least three specimens were used for each 
time and temperature 

X-ray analysis of the oxides formed on the sur- 
face of the specimens showed the presence of MoO 
in the outer layer and MoO, in the inner layer 

The calculation of the amounts of the different 
oxides formed is as follows: Let W, be the original 
weight of the molybdenum sample, W, the weight 
of the sample after oxidation, and W, the weight of 
the sample after ammonia treatment. Then 

Ww W, = wt of MoO, remaining on metal 
Let W, be the weight of the sample after hydrogen 
treatment and W, the weight of molybdenum in the 
film. Then 
WwW, — W, wt of O in MoO, film 

Let W, be the weight of molybdenum in MoOxoerrse 
and W, the weight of molybdenum in MoO,,,,,.,,. Let 
W, be the weight of MoO, which vaporized, W, the 
weight of MoO, on the surface, and W,, the weight of 
molybdenum oxidized. Then 


mol wt MoO, 


W.,=W 
mol wt Mo 
and 
mol wt MoO, 
Ww, Ww — 
mol wt Mo 
and 


Ww Ww (W, — W,) 


It is evident from the foregoing procedure that a 
very large number of calculation have to be carried 
out for plotting the curves shown In Figs. 2 through 
10. The tables on which these curves are based are 
not furnished because their inclusion would require 


an excessive amount of space 


Results and Discussion 

The formation of the different oxides and the 
phenomena accompanying their growth will be dis- 
cussed individually in the sections that follow 

Vaporized MoO,: At temperatures above approx!- 
mately 600°C, the rate of vaporization of MoO, be- 
comes significant and is linear at all temperatures up 
to 770°C, as is expected for a zero wder reaction 
process. The results obtained are shown in Figs. 2 
and 3. The temperature dependence of the linea 
rate constants is shown in Fig. 4, where the | 
rithm of the rate constants are plotted against the 
reciprocals of the absolute temperatures. There is a 
break in the curve at about 650°C, indicating a 
change in activation energy at this temperature. The 
values for the energy of activation calculated from 
the two slopes are: 53,000 cal per mol for tempera- 
tures below 650°C and 89,600 cal per mol for tem- 
peratures above 650 C. This compares with the 
value of 50,800 cal per mol reported by Gulbransen 
in the range 474° to 523°C and 46,900 cal per mol 
found by Speiser. The change in mechanism at about 
650°C is confirmed by three other phenomena 

1—The appearance and shape of the oxide on the 
metal changes at about 650°C. At the lower tem- 
peratures, the shape of the oxide is with re-entrant 
edges which show that oxidation took place at the 
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metal-oxide interface. At these temperatures the 
rate of evaporation of MoO, is slow and most of it 
remains on the surface. At temperatures above 
650°C, the shape of the oxide is usual for protective 
oxides growing on metals 

2—Pitting of the underlying metal surface and 
blistering of the oxide surface were clearly observed 
in the range of 550° to 650°C. No signs of pitting 
could be found at temperatures above or below this 
range. The number and size of these hemispherical 


gm MoO, Vopor/cm*s2 


Fig. 3—/sothermal curves show the rate of formation of MoO, 
vapor above 700°C 
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Fig. 4—Plots of the logarithm of the linear rate constonts for 
the formotion of MoO, vopor ore given 
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Fig. 5—Isothermal curves show the rate of growth of surface 
MoO, below 700°C 
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Fig. 6—I\sothermal curves show the rate of growth of surface 


MoO, above 700°C 


pits increase with time and temperature. These pits 


are visible after about 16 fbr oxidation at 550°C and 
after niv 1 hr at 650°C. Their formation does not 
eer te be zg verned by a critical oxide thickness 
since no pits could be | roduced at 500 yr at 700°C 
even after formation of much thick« xide thar 
those required at the other temperatures for pit for- 
nation Im the tting ange the ale or ts of 
columnar grains, and the formation of pits is 


ascribed here to the more rapid diffusion of oxygen 
at grain boundaries 

+—The rate of formation of surface MoO, and of 
total MoO, reaches a maximum at about 600°C. as 
described in the next section 

Surface MoO, The thickness of the MoO, remain- 
ing on the surface of the specimens increases with 
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Fig. 7—Isothermal curves show the rate of growth of total 
MoO, below 700°C. 


time and temperature in a manner shown in Figs. 5 
and 6, which represent the plots of data for tempera- 
tures below and above 700°C, respectively. At tem- 
peratures below 700°C, the rates of growth of the 
oxide are parabolic and reach a maximum at 600°C. 
The rates at 650° and 700°C are appreciably lower 
than the rate at 600°C. This is an unusual phenom- 
since the oxidation rates of metals always in- 
crease with temperature. The rate at 650° is in- 
itially less than the rate at 700°C, but increases sud- 
denly to a greater value after a critical period. This 
sudden increase may be related to mechanical crack- 
ing of the MoO, layer which occurs when a critical 
thickness is exceeded. The oxide is brittle at these 
temperatures and breaks down mechanically under 
the stresses set up by the increase in volume which 
accompanies the formation of MoO, 

At 725° and 750°C, the rate of formation of the sur- 
face MoO, appears to be linear, with breaks in the 
curves occurring after some critical thickness has 
been reached. At 770°C the oxide reaches a constant 
thickness and does not increase further with time, 
since its rate of evaporation then is equal to its rate 
of formation 

The structure of the MoO, remaining on the sur- 
face consists of fibrous rhombic crystals extending 
acrogs the oxide in a direction perpendicular to the 
metal surface 

Total MoO, The total amount of MoO, formed as a 
function of time is plotted in Fig. 7 for temperatures 
below 700°C and in Fig. 8 for temperatures above 
700°C. At the lower temperatures the rates are 
whereas at the higher temperatures they 
are linear. At temperatures below 700°C, the rate 
of formation of the total oxide reaches a maximum 
at 600°C. As in the case of the surface MoO, the 
rates at 650° and 700°C are appreciably lower than 
the rate at 600°C. Also, the rate at 650° is initially 
less than at 700°C but increases suddenly to a 
greater value after a critical period. There is also a 
break in the curve at 700°C 

At 725°, 750°, and 770°C, the rates of formation of 
MoO, are again linear, with breaks in the 


enon 


parabolic, 


total 
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curves after a critical thickness of the oxide has 
been exceeded 

Since the rate of vaporization of MoO, is negligibly 
slow at temperatures below 600°C, the logarithms of 
the rate constants for the formation of total MoO, 
are plotted in Fig. 9 against the reciprocals of the 
absolute temperatures for the range below 600°C 
A straight line is obtained, giving a value for the 
energy of activation of 48,900 cal per mol for the 
formation of MoQ,. 

The ratio of MoO, vaporizing to that remaining on 
the metal surface is plotted in Figs. 10 and 11. The 
ratio MoO,,.,.,,/MoO,, » increases markedly with 
temperature, since the increase in the rate of vapori- 
zation with temperature is greater than the increase 
in the rate of formation of MoO, on the surface 
There is an anomaly at 750°C, where the ratio is 
slightly less than at 725°. At any given temperature, 
the ratio appears to increase with time to a constant 
value, except for 770°C where the ratio continues to 
increase linearly and rapidly with time. At 700°C 
the ratio increases at a parabolic rate with time 

Suboxide MoO,: The amount of MoO, formed at all 
the temperatures is relatively insignificant, com- 
pared to the rate of formation of MoO, It remains 
nearly constant in thickness with time and does not 
increase appreciably with temperature. This indi- 
cates that after a critical thickness the rate of forma- 
tion of MoO, becomes equal to the rate at which it is 
oxidized to MoO,. Fig. 12 shows the measured quan- 
tities of MoO, formed at 600° to 725°C. At lower 
temperatures, the quantity formed is negligibly 
small 

Marker Movements: The movement of inert mark- 
ers placed at an interface across which diffusion 
takes place has been studied previously.“” Marker 
movement experiments have been carried out in this 
study using radioactive silver as inert markers. Sil- 
ver has the advantage that it neither dissolves in the 
metal and its oxides nor oxidizes at these tempera- 
tures. Very small amounts of the marker can be 
detected by means of autoradiographic methods 
Thin deposits of silver were applied by wetting a 
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Fig. 8—Isotherma! curves show the rate of growth of total 
MoO, above 700°C. 
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silk thread in active silver nitrate solution and 
touching each side of the molybdenum specimens, 
leaving thin parallel wet marks. These were dried 
and the silver nitrate decomposed to silver in the 
preliminary heating of the sample before oxidation 
began. After oxidation, the MoO, scale remaining 
on the surface was easily separated from the unoxi- 
dized metal by gently tapping the edge of the speci- 
men with a small hammer. Autoradiographs were 
obtained by placing the two halves of the scale and 
the underlying metal separately between two X-ray 
films for three days. The autoradiographs obtained 
showed that all the radioactive silver had remained 
on the outer surface of the MoO, since none could 
be detected either on the metal surface or on the 
inner surface of the MoO, scale 

The MoO, and MoO, grow by oxide ion diffusion, 
with practically no molybdenum ion participation 
During oxidation, the molybdenum ions are added 
at the inner face and stay fixed. This finding is in 
accord with that of Speiser” who used coatings of 
chromic oxide as markers 

The autoradiographs of the outer surface of the 
MoO, scale showed a uniform darkening over the 
whole surface, which means that the original thin 
line of radiosilver had diffused sideways across the 
surface. This rapid surface diffusion of silver on 
MoO, is in marked contrast to its behavior in the 
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Fig. 12—Growth of MoO, is shown by the quantities formed 


at 600° to 725°C. Below this range, the quantity formed is 
negligible 


The ratio MOO MOO INCTO@ASES Mar- 
kedly with temperature. The ratio increases with 

me to a constant value, except for 700°C where it 

reases parabolically with time and at 770°C 
it increases linearly with time 
The amount of suboxide MoO, formed is relatively 
insignificant at these temperatures and pressures 
beyond a critical thickness, 
its rate of formation equals the rate at which 
to MoO, 

At temperatures 725°C, catastrophic oxida- 
tion of an autocatalytic nature was encountered 

Pronounced pitting of the metal was found to oc- 
cur in the temperature range 550° to 650°C 

Marker movement experiments, with radioactive 
inert markers, indicate that the oxides on 
ybdenum grow almost entirely by diffusion of 


ld not increase 


above 


lver as 
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Contribution to Mathematics of Zone Melting 


Zone melting is a purification process in which separation of impurities is effected by 
slowly moving a narrow melted zone through a bar of solid material. Equations are pre- 
sented which 1—predict the concentration profiles after successive passes of the zone and 
2—¢ive the limiting distribution of solute along the bar after an infinite number of passes 
of the molten zone. These equations take into account the effect of normal freezing in the 
last zone length. These equations were solved numerically using an electronic computer, 
and the concentration profiles are presented as a function of the solute distribution coeffi- 
cient and the ratio of moiten zone to total bar length. 


ONE MELTING is a purification process in which Molten 

separation of impurities is effected by slowly Length Solidified Zone 
moving a narrow melted zone through a bar of 
solid material. Separation occurs if the solid freez- 
ing from a solution at any moment has a composi- ' Solid Charge | 
tion different from that of the liquid from which + + 4 


it is freezing. Solutes which lower the freezing point 
will tend to remain in solution and will be moved 
in the direction of zone travel. Solutes which raise 
the freezing point will preferentially freeze out, and 
they will be moved in a direction opposite to that of Fig. 1—Schematic diagram of zone melting 


Dvrection of Zone Trove! —————om 


zone travel concentration of a given solute in the solid to the 
After repeated unidirectional passage of a molten concentration of the same solute in the liquid. Ana- 


zone through a bar of material, impurities will be lytical methods fot 
concentrated in the ends of the bar. A limiting con- “ 
centration gradient will be reached in the bar after 
a large number of passes of the molten zone. Both 
the magnitude of this limiting concentration gra- 
dient and the rate of movement of solute in any 
pass depend on the zone length and on the equi- 
librium concentrations of solute in the liquid and 


determining the concentration 
profiles after any pass have been developed by Lord’ 
and Reiss." The method developed by Lord does not 
take into account normal! freezing in the last zone 
and also becomes very complicated when the num- 
ber of passes becomes large. The method developed 
by Reiss enables the direct calculation of the com- 
plete concentration profiles (including that in the 
solid phases last zone) after any pass for values of k close to 

The basic theory of zone melting was thoroughly unity (0.9 k 1.1). Both methods are useful and 
covered by Pfann.’ The purpose of this paper is to provide valuable insight into the zone melting 
extend the theory of zone melting by presenting 


process 
1—equations which relate the concentration profiles The equations given in this article are based on 
in successive passes of the zone and 2—equations the same assumptions used by Pfann. These are 
which give the limiting distribution of solute along 1—uniform composition in the liquid, 2—negligible 
the bar after an infinite number of passes of the diffusion in the solid. 3—constant distribution co 
molten zone. These equations take into account the efficient, 4—constant length of the liquid zone (ex 


effect of normal freezing* in the last zone length 


cept at the ends), and 5 olubility of the solute in 


* Normal freezing is the term applied to the freezing of a length the melt is not exceeded at any point 
of molten metal from one end. This curs in the last zone length 


Equations for Concentrations in Successive Passes 
For a melted zone of length | at the left-hand end 


and are valid for all values of the distribution co- 
efficient k, which is the ratio of equilibrium of the 
of a bar of uniform unit cross-section, the amount 
L. BURRIS, JR. is associated with Argonne Notional Laboratory, of solute in the liquid is 
C. H. STOCKMAN, formerly on loan to Argonne Notional Labora 
tory, is essocioted with Nuclear Developments Group, The 8. F. 
Goodrich Co, Brecksville, Ohio, and |. G. DILLON is ossocioted 
with Argonne Notional Leboratory, Lemont, Ill 
Discussion of this paper, TP 4024E, may be sent, 2 copies, to where the subscript is the number of the pass 
AIME by Nov. 1, 1955. Manuscript, Sept. 13, 1954. Chicago Meet- C..(z) represents the concentration (expressed as 


ing, February 1955 weight per unit volume) obtained in the previous 


(x) dz [1] 
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Fig. 2—Concentration profiles in a zone melted rod 
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pass at a point located a distance x from the left end 
of the bar 

When the molten zone is moved a d 
Fig. 1), the net amount of solute contained in the 


stance zr (see 
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olten zone is 


dx C.(x) dx [2] 
The first integral represents the total amount of 
olute taken up by the molten zone in moving a dis- 
tance xz and the second integral represents the 
umount of solute deposited behind the molten zone 
Dividing the net amount of solute by the volume 
of the molten zone gives the concentration of solute 
in the liquid. Multiplying this concentration by k 
sives the concentration of solute in the solid freez- 


ing at point x. Hence 


Eq. 3 holds for all of the bar except the last zone 
Because the forward end of the liquid zone 
reaches the end of the bar when z L l, the 
liquid zone gains no more solute and normal freez- 
ng begins. The term xz | becomes meaningless 
because it refers to a point beyond the end of the 
bar. However, Eq. 3 becomes applicable to the last 


zone if it is written as 


length 


k 3 
J C..(2r) dx | C.(z) dx | [4] 


which is applicable only for L-l S x S L. Egs. 3 
and 4 are the general equations for zone melting 
They are applicable for all finite values of k and 
give concentration distributions over the entire 
length of the bar 
Equations for Limiting Distribution of Solutes 

Eqs. 3 and 4 are suitable not only for pass by pass 

calculations but also for determining the ultimate 
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or limiting distribution. When the limiting distri- 
bution is reached, further passes produce no changes 
in concentrations. Consequently, C, = C,., and Eqs. 
3 and 4 become 


k 
c(zy)=—J, az 


k L 
C(x) = —— C(x) dx 
Lex 
[6] 


Solution of Equations 

An analytical solution for these equations has not 
been found. However, numerical methods of solu- 
tion have been developed using the trapezoidal rule 
for the integration. These numerical methods are 
given in the Appendix and were used in an IBM 
card-programmed electronic computer to obtain 
concentration distributions for each of ten consecu- 
tive passes for k’s of 0.01, 0.1, 0.2, 0.5, 2, 5, and 10 
and for molten zone lengths of 5, 10, and 20 pct of 
the bar length. Also, the ultimate distribution of 
solute along the bar was determined for each of 
these conditions. A uniform initial concentration of 
1 (weight/unit volume) was assumed to exist in 
the bar. Data obtained from these theoretical cal- 
culations are presented in Figs. 2 through 11 

Fig. 2 shows the concentration profiles for ten 
successive passes for a k of 0.1 and an | of 0.2 and 
is an example of the type of information obtained 
Similar data were obtained for each of the com- 
binations of variables, but space limitations pre- 
clude showing these graphs. Instead, emphasis will 
be placed on discussion of the effects of changes in 
k and | on the concentration profiles 


° 
° 


lose Trove: 


CONCENTRATION (weight /unit volume) 


° 60 60 100 
LOCATION (% of tote! Dor 


Fig. S—Effect of k on concentration profile after ten passes 
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In Fig. 2, reflection of the sharp concentration 
rise caused by normal freezing in the last zone length 
is evident over much of the bar length. It may be 
noted that nine passes produced a concentration 
profile very close to that of the limiting distribution 
For fewer passes than the number giving the limit- 
ing distribution, the concentration profiles seem to 
peel off from the limiting distribution line. Thus, at 
the completion of the fifth pass, concentrations in 
the last 40 pct of the bar are essentially at the limit- 
ing concentration values, while those in the initial 
60 pct of the bar are much higher than could even- 
tually be reached. For a shorter zone length, nine 
passes do not produce a concentration profile close 
to that of the limiting distribution except in the 
first few zone lengths from the end of the bar toward 
which the zone travels, and this approach to the 
limiting distribution occurs only when k is less than 
1.0. 

Figs. 3, 4, and 5 show the first, fifth, and tenth 
passes with | 0.1 for all the values of k used in 
the computations. Note that after one pass, for k 
greater than unity, there is a long concentration 
plateau on which the concentration is equal to the 
initial concentration. After five passes, the plateau 
has been considerably shortened. After ten passes, 
it has disappeared. If the zone length were one- 
twentieth the bar length, a portion of this plateau 
would remain even after ten passes. On the othe! 
hand, if the zone length were one-fifth the bar 
length, the concentration plateau would have dis- 
appeared by the completion of the fourth or fifth 
pass 

This effect of zone length for a k greater than one 
is illustrated in Fig. 6 where for a k of five the solute 
distribution curves are shown after one and ten 
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passes for zone lengths of 5, 10, and 20 pct of the 


bar length. For a zone length 20 pct of the bar 
length, ten passes have produced the limiting con- 
centration gradient. It should be pointed out that 
when greater than one, any molecule of soluts 
cannot move in one pass a distance greater than the 


zone length. Thus, the longer the zone length, the 


verment of solute and the fewer 


greats the me 
the im be f passe equired to give the limiting 
concentration gradient. In the extreme, the miting 
free g when the zone lengt! equal to the total 
bar length 
However, as shown in Fig. 7, the shorter the zone 
engt! the teepe the entration gra lient 
A h c? iit f the tir | t put Tt 
nere ‘ t n emmy ) elat ‘ g zone 
engt n tr nit passe to effect a ipid move- 
. lute and a short ne eng n the later 
passe effect greate ficat n f r the lute 
} ted is 8 in wi hov the 
ncentrat Dtained 2.0 mak - 
even es witl ved asses 
with that obtained by making ten | ‘ with | 
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eo 


Zone ‘rove! 
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LOCATION (% of total bor length) 


Effect of zone length | on limiting distribution profile 


Fig. 7 
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0.1. It appears that the nine passes with two zone 
lengths are roughly equivalent to 12 passes, all at 
the shorter zone length 

The effect of zone length for k’s less than one is 
illustrated in Fig. 9 where the first and tenth passes 
are shown for k 0.1 and I’s of 5, 10, and 20 pct of 
the bar length. This effect for k’s less than one is 
less pronounced than for k’s greater than one, as 
comparison with Fig. 6 will show. Again, the longer 
zone length will give more rapid solute movement 
and a more rapid attainment of a limiting concen- 
tration gradient than’do shorter zone lengths. How- 
ever, as previously pointed out, the shorter zone 
length produces greater eventual purification 

The fact that the tenth pass curve for | 0.10 
crosses that for | 0.05 in Fig. 9 is a consequence 
of the reflection back into the bar of the effect of 
normal freezing in the last zone length. After sev- 
eral more passes, the concentration profile for | 
0.05 would lie entirely below that for | 0.10 and 
eventually the limiting distribution curves shown 


in Fig. 7 would be approached 

Fig. 10 shows the effect of k on the limiting dis- 
tribution for | 0.05. Data are given in Table I 
from which limiting distribution lines for | 0.10 


and 0.20 may be constructed. The limiting distri- 
bution curves for k’s of less than one are very slightly 
lower than those presented by Pfann’ because of in- 
clusion of the normal freezing effect in the last por- 
tion of the bar to freeze. The effect of normal 
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Fig. 8—Effect of changing zone lengths on concentration profiles 
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Table |. Concentrations for Construction of Limiting Distribution Curves 


Pet 


Starting 20 Pct of Bar’ 50 Pet of Bart of Bart 


l= 6.20 l= 6.10 l= 6.20 6.10 


l= 6.10 i= 6.20 i= 6.10 


0.01 2.02x10-* 6.77x10-“ 8.03x10-= 3.37x10-" 1.55x10-" 9 14x10" 1.00x10-* 
0.10 4.25x10 1.28x10-* 5.71x10-" 4.59x10-* 2.80x10-* 1.14x10 
0.20 5.30x10 1.43x10-¢ 1.07x10-* 2.03xi0~ 3.04x10~ 193x106 

443x10- 1 5.35x10-+ 3.67x10-* 2.19x10-* 2.43x10-" 3. 77x10 


90 Pet 


of Bar’ 98 Pet of Bar’ #8 Pet of Bart 


95 Pet of Bar’ 


i= 0.20 i= 0.10 i = 0.20 [= 6.10 = 6.80 


|= 0.20 i= 6.10 


0.01 9.93x10-" 1.99x10 1 97x10 4.92x10 4.88x10 9.77x10" 9.70x10— 
0.10 9.22x10 1.85x10 1. 72x16 4.22x10 10 7.87x10° 
0.20 1.67x1 10 2.90x 10 6. 99x10 6 04x10 1.22x10+ 1.08x 10% 

2.65x 10° 534x106 3. 75x10 8 .44x10° 5.95% 10 1.19x10" 


10 Pet 
5 Pet of Bar? of Bar’ 


Starting 2 Pet of Bar’ 
6.10 i= 6.20 i= 6.10 i= 0.20 ia 6.10 


i= 6.206 


2.0 1.596x 10 7.97x1l 1.16x10 6.80x10 T.17x1e 5.35110 3.22x10 
5.0 4.97x10 2.48x10 1.80x10 1L.Sixl® 3.93x 10 7.13K10 3.11x10 
10.0 1.00x 10" 5.00x10 1.30x10 1. 80x10 7. 78x10 3.89x10 3.66x10 


Pet of Bar’ 


50 Pet of Bar’ 


l= 0.20 i= 6.10 l= 6.20 = 6.10 | =6.20 6.00 


2.0 3.59x10 5.37x10 1.48x10 8.47x10- 6. 10 8.47x10 6.39x10-* 
5.0 2.05x 10 4.74x10-" 9 45x10~- 1.13x10-* 3.25x10- 7.07x10-* 3.25x10-" 
10.0 3.02x10 3.96x10-* 4.05x10-" 1.15x10-* 1.72x10°" 1.15x10- 1.72x10-" 


ions, k is less than ne and in the last two sections, & is greater than one 
total bar. | is length of the molten zone 


*k is distribution coefficient; in first two sect 
Ratio of final to initial concentration at starting end and various percentages of the 


curve near the finishing end of the bar is depicted 
in Fig. 11. This curve shows a sharp break as the 
front end of the zone approaches the end of the bar 
This is caused by reflection of the very steep con- : 
centration gradient at the end of the bar due to 
normal freezing in the last zone length 

The foregoing theoretical calculation methods give 
the best performance which could be realized by 
zone melting. How closely k's realized experi- 
nentally agree with those obtained from phase 
diagrams will depend on the rate of zone travel and 
adherence to the assumptions used in the derivation 
The assumption which is most difficult to realize ~ 0 


Distribution Coefficient, * 0.! 


freezing on the shape of the limiting distribution 10 gee ss 


10° 


volume) 


experimentally is that of uniform concentration in = 

the molten zone. Hayes and Chipman," Tiller et al., 
and Wagner” point out the existence of a boundary ‘. 

layer at the solidifying interface and discuss the © jot 

shape of the solute concentration gradient in this 7 

boundary layer under various conditions. The exist- 

ence of such a concentration gradient will make the = 

k’s realized experimentally closer to one than those = 2 

obtained from phase diagrams 


Appendix: Derivation of Numerical Methods 
of Computation 
For this derivation, the length of the bar will be 
considered to be unity and the bar will be divided 
into N equal subdivisions, each Az in length. Further- 


more, this division will be considered made in such 10-* 
a way that the length | of the liquid zone is an fs) 20 
integral multiple of ar. Hence LOCATION (% of tote! bor ‘engtn) 
Nar 1 [7] Fig. 9—Effect of zone length / on solute movement for a k less 
than one 
add bar [8] starts. Thus, x iAr 
B OSSE, Use of the trapezoidal role in Eq. 3 gives, at 2 0 
C. = C,(iax) [9] 
where i is the number of increments Az counting Cc Pp 4 (c ec ) [10] 
from the end of the bar at which the liquid zone b 2 
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Fig. 10—Effect of & on limiting distribution profile 


b l he ibstitution of the trape- 
la ile in Eq educes t& 
where 
Si= Cc.) [12] 
S [13] 
and 
l 
( ( [14] 
[15 
In the ist e length, that is 1, the 
trape la ile used in Eq. 4 to give 


Eqs. 10, 11, and 16 provide a means of calculatin 


concentrations in successive passé 14 ane 
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Fig. 11—Effect of normal freezing on limiting distribution. 


aid the computations by providing a relation be- 
tween successive S‘’s and S°’’s in the calculations 
for any pass 

Using the trapezoidal rule in Eq. 5 and solving 


for C 


2k 
- — 
2b k 
0sSi< N-b [17] 
where 
1 
T= ay C'+—C™ 
ind 
l 1 
2 2 
Eq. 6 has the analytical solution 
C(x) A(l-x)* 
[20] 


where A is a constant. For numerical calculations, 


this can be rewritten as 


Cc A (Naz 
A (N-i)* (N-i)* [21] 


To compute the limiting distribution, it is necessary 
to start at the end of the bar toward which the zone 
travels and work backward. Eq. 4 gives the con- 
centration in the last zone except for a scale factor 


A (Ar)’ 
The scale factor is determined by using 
= (N-i)* [22] 
for the range N-b = is N. The starting values so 


obtained are used to continue the calculations back 
through the bar with Eq. 17. The proportional con- 
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centrations C thus obtained are integrated over the 
length of the bar to give the total amount of solute 
in the bar divided by the scale factor. Since the 
total amount of solute in the bar is known, the scale 
factor can then be determined. 

When k is greater than one, the integration for 
the foregoing normalization can be carried out over 
the entire length of the bar by the trapezoidal rule. 
When k is less than one, however, Eq. 20 gives in- 
finity for x 1.0. This difficulty can be circumvented 
by integrating analytically in the last zone 


f C(x)dzx = ‘dx 


Al A(bar)* 
k k k 
Since the scale factor is A (azx)** 
J, ,C (x) dz [24] 


The trapezoidal rule can then be used to integrate 
over the remainder of the length of the bar 

When the foregoing equations are used for numer- 
ical calculations for k greater than unity, accurate 
results will not be obtained unless b, the number of 
increments of Ar in a zone length, is equal to or 


greater than k. Furthermore, when k is less than 
unity, it is better to form each T* individually from 
Eq. 18 rather than to use Eq. 19 
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Instability of a Smooth Solid-Liquid Interface During 


Solidification 


It is shown that the cellular substructure observed in binary alloy crystals grown 
from a melt of known concentration can be eliminated by the proper choice of growth 
conditions. For a = solute concentration, there exists a critical ratio of tem- 


perature gradient 


in the melt to the rate of solidification R of the crystal, i.e., of 


G/R, which must be exceeded before the cellular structure can be eliminated. A 
secondary substructure is observed which is related to the cellular substructure. 


N crystals grown from the melt, a prismatic sub- 
structure has been observed by Buerger,’ Pond 

and Kessler,” and Rutter and Chalmers.’ This struc- 
ture is columnar in the direction of growth and ap- 
pears as a network of hexagonal cells in the plane 
of the solid-liquid interface 

D. WALTON, W. A. TILLER, J. W. RUTTER, and W. C. WINE- 
GARD are associated with Dept. of Metallurgical Engineering, Uni- 
versity of Toronto, Toronto 

Discussion of this paper, TP 4035E, may be sent, 2 copies, to 
AIME by Nov. 1, 1955. Manuscript, Aug. 2, 1954. Chicago Meet- 
ing, February 1955. 
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Rutter and Chalmers’ have shown that this sub- 
structure occurs as a result of the presence of a 
layer of high impurity concentration in the melt 
adjacent to the solid-liquid interface. The forma- 
tion of the substructure is accompanied by a re- 
distribution of this impurity in the neighborhood of 
the interface. The structure can be controlled by 
proper adjustment of the variables in the solidifica- 
tion process such as a rate of solidification and the 
temperature gradient in the liquid 

The redistribution of solute during the solidifica- 
tion of metal crystals has been treated theoretically 
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Fig. 2—-Results for lead in tin, listed in Table |, ore plotted as 
C. vs G/R for cell formetion 
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ratio of concentration of solute in the solid being 
formed to the concentration in the liquid from which 
it forms (k is assumed to be constant), R is the con- 
ant rate of solidification of the crystal, and D is 
the diffusion coefficient of the solute in the liquid 

Wagner’ has shown that the assumption of no 
mixing due to natural convection is valid for rates 
of solidification greater than 5 mm per min for the 
alloy system used in this investigation. Therefore, 
Eq. 1 will be valid 

The concentration at every point in the liquid 
ahead of the interface may be calculated from Eq. 1 
and thus the equilibrium liquidus temperature T, at 
each point in the liquid can be calculated from 


T, = T,. + mC, — mC,/k [2] 
where T, is the temperature of the interface and m 
is the slope of the liquidus line. The actual tem- 
perature at any point in the liquid, however, de- 
pends upon the temperature gradient G that exists 
in the liquid metal. It is possible, therefore, that the 
actual temperature may be lower than the liquidus 
temperature or equilibrium freezing temperature at 
that point. If this condition exists, as shown in Fig 
1, curve a, then the liquid at that point is said to be 
constitutionally supercooled. As discussed by Rutter 
and Chalmers,” under these conditions the plane 
nterface may be expected to become unstable and 
change to the cellular forn 
The initial point of instability occurs when the 
emperature gradient at the interface is equal to 


} the equilibrium temperature distri- 
bution curve at the interface, as shown in Fig. 1, 


curve b. The temperature gradient G in front of 
the interface may be expressed as 

T= T,+Gzr [3] 

rherefore, by equating the slopes of the two curves 

ven by Eqs. 2 and 3, it is possible to calculate the 

critical growth conditions for no supercooling and 


thus no instability of the plane interface. The crit- 


may be found by solving the equation 
Cc 
{-— [4] 


which results from equating the slopes of the two 
ven by Eqs. 2 and 3 

investigation was undertaken to de- 
ermine experimentally the growth conditions neces- 


G/R 


le present 


ary to suppress the cellular structure at various 
concentrations of solute in the melt and thereby to 
investigate the validity of the theoretical prediction 
given in Eq. 4 by Tiller et al.* 


Experimental Procedure 


Experiments were carried out using tin as the 
solvent material; the tin was zone refined in a man- 
ner similar to that described by Pfann,* until the 
purity was estimated at better than 99.999 pct. The 
major solute was lead supplied by Johnson, Matthey 
Ltd. and was reported to be 99.998 pct pure 

The crystals with known additions of the solute 
were grown using the modified Bridgman technique 
described by Chalmers." The specimens, containing 
a small number of crystals, were grown using vari- 
ous rates of solidification and different temperature 
gradients. The solid-liquid interface of each crystal 
liquid metal from the solid in the 
manner described by Elbaum." 


by separating the 
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Fig. 3—Reguler hex- 
agonal cellular in- 
terface appears if 
specimens are pro- 
duced under condi- 
tions to the extreme 
left of the curve in 
Fig. 2, X100. Area 
reduced approxi- 
mately 40 pct for | 
reproduction. 


Fig. 5—Intertace struc 
ture with enlarged hex 
agono! cells results when 
specimen conditions are 
neor the curve of Fig. 2 
X140. Area reduced ap- 
proximately 40 pct for 
reproduction 


The solidification of the crystals was controlled 
by moving a furnace and a cooling jacket, a fixed 
distance apart, down a graphite boat at a definite 
rate. The rate of solidification could be varied by 
changing the rate of movement of this heat-source 
heat-sink combination along the graphite boat 

This rate was measured by putting ripples on the 
surface of the growing crystal at fixed time inter- 
vals. The rate of growth was found to correspond 
to the speed of the furnace withdrawal 

The temperature gradient was varied by chang- 
ing the temperature of the furnace and the distance 
between the furnace and cooling jacket. The grad- 
ient was determined by using an iron-constantan 
thermocouple connected to a Leeds and Northrup 
recorder. This thermocouple was placed in the melt 
at the point where the interface would be when the 
liquid was decanted. By analyzing the time-temper- 
ature plot on the recorder, the temperature gradient 
at that position of the interface could be evaluated 


Table |. Results for Lead in Tin 


R, Cm 
Co, Pet perCm per See G/R Remarks 
0 0024 21 0.011 2.1x16 Ce 
0 0024 7 0 0063 4.3 No ce! 
0060 22 0.013 1.7 Celis 
0060 28 0 0044 6.3 Pox 
32 0 0044 7.3 Cells 
0 39 0 0044 87 Pox 
010 39 0.0044 87 Cells, disappearing 
0.01 “4 0 0044 10 Cells 
0.015 59 0.0632 9 No cells 
020 +4 0.0032 i4 No ceils 
0 020 28 0 0032 a6 Cells 
oat 43 0 00232 14 Pox 
0 020 4 0.0032 11 Cells 
0.020 65 0 0032 20 No cells 
020 42 0 0032 i” Pox 
0 020 ” 0 0032 13 Cells 
(O15 17 0 026 06 Cells 
0.0015 19 12 Cells 
0.0015 23 3 18 Cells, disappearing 
015 23 2.1 Pox 
0015 O88 No cells 
0 0046 23 Cells 
0 0046 25 2 Pox 
OA 1 58 46 No cells, growth structure 
0 0046 3.7 
012 31 0 0063 48 Cells 
2 42 0.0063 a4 Cells 
0.012 “4 0 006 7A Cells 
0.012 70 0 008 11 Pox 
0.012 50 0.0063 8.0 Cells, disappearing 
0.012 56 0 0063 8s Pox 
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Fig. 4—In specimens 
produced under con- 
ditions to the left of, 
but neor, curve of 
Fig. 2, an irregular 
hexagonal structure 
results. X140. Areo 
reduced approxi 
mately 40 pct for 
reproduction. 


Fig. 6—Elongated hex 
agonal cells appear in 
the interface structure 
when specimen condi 
tions are near the curve 
of Fig. 2. X140. Area 
reduced approximately 
40 pct for reproduction 


Observations and Results 

The results obtained for lead in tin are listed in 
Table I. If these results are plotted as C, vs G/R, a 
curve is obtained as shown in Fig. 2. It may be 
seen that, for low solute concentrations, cells may 
be eliminated at low values of G/R, but for higher 
solute concentrations it takes a higher value of G/R 
in order to avoid the formation of the cellular struc- 
ture. Thus, if it is desirable to eliminate the cellular 
structure for a given solute concentration, it | 
necessary to raise the G/R ratio by increasing the 


rate of solidification 


gradient and/or decreasing the 

The substructures observed on the decanted inte: 
face were different, depending upon the condition 
used during the solidification proces If the speci 
mens were produced under conditions to the extreme 
left of the curve in Fig. 2, then the cellular struc- 
ture appeared regular and well developed, as shown 
in Fig. 3. When the specimens were produced unde 
conditions to the left of, but near, the curve, the 


hexagonal pattern becomes irregular, as shown in 


Fig. 4. As the curve is approached, the cell zm 
changes and some cell become much enlarged, 
Fig. 5, or elongated, as shown in Fig. 6. As the 
boundary is crossed, the cells disappear, a een 
from Fig 7. To the extreme right f the tran 


itior 
region, there are no cell boundaries present but 
evidence is seen of the < tallographic steplike 
structures investigated by Elbaun " how ! 


Fig. 8. At the right, but near, the curve, an in 


Fig. 7—Cellular 
structure of the in 
terface disappears 
as the curve of Fig 
2 is crossed. KX140 
Area reduced ap- 
proximotely 40 pct 
for reproduction 
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; 
Fig. 8—Interface with steplike and poxlike 
structures results when specimen conditions 
are to the extreme right of the curve in Fig 
2. X140. Area reduced approximately 40 pct co pebbly appecrance 
for reproduction 
esting structure appears, Fig. 9, which gives the 
terface a pebbly appearance. This poxlike struc- 
‘ hown to { sess the following properties 
ippea near the transition region 
umber of pox decrease as conditions 
he ght of the transition region 
icture depend pon crystallography, 
t appear when the teplike tructure 
jemonstrated in Fig. 8, where two 
te face ure present in the intertace 
; ] ire doe t coexist with cells 
icture appea inde the conditions 
nt pea hown in Fig 0 
A, ivé peared the pOXiilKe struc- 
Fig. 9 
‘ an irregular 
he interface. The projec 
‘ the 
Discussion 
| the first 
ite 1 orde 
j ! tutional supe 
‘ <like structure, then the 
i n Fig 4 
" ed n for cell for- 
er }. 4, is at least 
i a imed that the qua- 
ect hen it t Die to 
ett the ute tre 
ed the diffu 
f the equilibriur lia 
‘ t these are 
I Tu efficient obtained 
pe Tt al ve thar 
} ec value give! Jost’ f 
eft 500 Howeve the dif- 
t 2°C ca be omputed Db 
} nd an act at enereg 
low ulculated efficient is 2.3x10 sq cm 
eement with the 
effici Ox1l0 } en btained by the 
‘ f Eq. 4 
: Table Il. Dote Used to Obtain Diffusion Coefficients for Lead in 
Liquid Tin 
selate Sq Cm per See 
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Fig. 9—Poxlike structure which appears when 
the specimen conditions are at the right, but 
near, the curve of Fig. 2 gives the interface 
X140. Area reduced 
approximately 40 pct for reproduction 


Fig. 10—Poxlike structure near cell boundary 
regions appears under conditions where cells 
begin to disappear; see Fig. 9. X140. Area 
reduced approximately 40 pct for reproduction. 


The fact that the diffusion coefficient as calculated 
from Eq. 4 appears to be correct is further proof of 
the validity of the theoretical work of Tiller et al." 

Since the transition from a plane interface to a 
cellular interface depends upon the concentration of 
solute present in the melt, this technique may be 
used to give a measure of the purity of any mate- 
rial. It is readily seen from Fig. 2 that for every 
C, there is a definite G/R ratio which must be ex- 
ceeded before the cellular structure can be elim- 
inated. If, for a given system, the curve of Fig. 2 

known or can be evaluated, then it is possible to 
measure the composition of a true binary alloy by 
determining experimentally the value of G/R at 
which the plane interface becomes unstable. On the 
other hand, if the impurities present are not known, 
it is still possible to evaluate the purity of the mate- 
rial. For any alloy, a critical value of G/R can be 
determined experimentally. By substituting this 
value in Eq. 4, a concentration C, can be calculated 
for assumed values of k and m. If the effects of the 
impurities do not cancel each other, the maximum 
amount of any given impurity whose k and m values 
are known can be estimated 
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Some Aspects of Slip in Germanium 


by R. G. Treuting 


Germanium single crystals strained in tension at 600°C siip on the (111) plane and, 
macroscopically at least, in the <110> direction. Deformation is inhomogeneous: various 
localized rotations are observed, as is a banding consistent with secondary slip band- 
ing. The structure after deformation is polygonized with a domain size of about 2x10" 
cm. In relaxation tests, an incubation period prior to flow is observed, of duration in- 
versely related to temperature and applied stress. Under continuous loading, there is a 
sharp first yield point. A critical resolved shear stress therefore must be cited with re- 
spect both to temperature and to rate of loading. At 600°C, when loading proceeds 
at 2900 psi per min, it is 1310 psi. The yield point phenomenon is suggestive of Cottrell’s 
solute atom atmosphere theory and five points of qualitative agreement with this theory 


are found. 


ASTICITY of germanium at elevated tempera- 
tures has been reported by Gallagher,’ who as- 
cribed it to slip on {111} planes and described some 
associated effects. Preliminary experiments with 
single crystals of silicon and germanium loaded as 
simple beams confirmed {111} as the slip plane of 
both materials." This was demonstrated by the 
standard technique employing traces on two sur- 
faces of known angle on a deformed crystal of known 
orientation.” These experiments did not fix the slip 
direction, since more than one glide system oper- 
ated. Uniaxial tensile straining is preferred for 
this purpose in order to restrict slip to one predom- 
inant system and to provide an unequivocal deter- 
mination of the orientation change with respect to 
the stress axis 
Experimental Method 
Specimens were diamond-sawed from germanium 
crystals containing about 5x10* wt pct Sb prepared 
by the zone-leveling process described by Pfann 
and Olsen;* these specimens measured about 8% in 
long, 0.20 in. wide, and were of various thicknesses 
from 0.035 to 0.060 in. Prior to testing, a specimen 
was coated over 1 in. or more of length at each end 
with Apiezon wax, chemically polished (in a solution 
of 15 ml HF, 25 ml HNO, 15 ml CH,COOH, and 3 to 
4 drops Br,), and dewaxed in warm xylene. A brief 
re-etching after scribing through a complete wax 
coating with vernier dividers provided gage marks 
at 0.200 in. intervals on the polished surface 
A specimen with grips soft soldered to the ends 
was passed through the furnace tube and the grips 
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pinned to the tensile machine in series with a stress 
gage. The Schopper testing machine is best de- 
scribed by reference to the illustration on p. 107 of 
Schmid and Boas’ and is operated with the pendu- 
lum arm locked, fixing the upper head. Load is ap- 
plied through the screw-driven lower head, manu- 
ally or by reduced speed motor 

The furnace is 2% in. long surrounding a 4x7/16 
in. ID quartz tube and was positioned about the 
specimen to permit free motion, The inert or reduc- 
ing atmosphere required was sufficiently provided 
by a flow of helium introduced at the center of the 
furnace tube, with the tube ends loosely plugged 
with asbestos paper. Surface corrosion was slight 

The stress gage employs a Be-Cu strip with SR-4 
units incorporated in a simple bridge network with 
provision for balancing and calibrating. The bridge 
output on loading is fed through a Leeds and North- 
rup de amplifier to a Speedomax 10 mv recorder, 
and calibration is obtained by dead loading 

Experiments of two types have been conducted 
Most have been in relaxation at constant elonga- 
tion. One stress-strain curve has been taken with the 
machine continuously driven 

Following extension of a specimen, Laue X-ray 
photographs were taken to obtain the orientation 
change between deformed and undeformed regions 
recorded on a single film by translating the speci- 
men in a plane normal to the beam between ex- 
posures. Sequences of such multiple exposures wer: 
made on some specimens to include the entire ori- 
entation range on one film 

Slip Direction 

To obtain a maximum orientation change with a 
single slip system, crystals of very closely <110 
axial orientation were used. The classic determina- 
tion of slip direction rests on establishing that direc- 
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Fig. |—Dowble-exposure Lave photogram sh 


ows indicated 


110» zones of strained ond unstrained regions intersect- 


ing in the common oxi 


he deformed and undeformed orien- 
ma the f nme letermined by 
| yn. Alte itively, workers* 
ate that thre a te srr b- 
hot } f deformed material 
i t about an ax! ng 
| ai t if lirect 
t In eithe ist ar experi- 
tion ax hould be normal to 
ne pecimer cut parai- 
A ‘ ented that the axis 
j ‘ atior iy withir 
i i be well fixed, Fig. 1. In 
‘ 0 rone. the 
tr t itive slit 
‘ tr sib ‘ 
Tr} at he ta mn ax th 
hetwu the atte S ect 
I ‘ 1 it ntersection with the 
th This show 
t t ax ve specimens at 
et st The axes of rotation are 
‘ the 2 ind [111] poles. (Some 
il orientation due to slightly 
ferent tioning f succe ve specimens with 
the X-ray beam have been eliminated by 
a nit orientation. The range 
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ae 


Fig. 2—Composite stereogram of five crystals shows the 
course of the stress axis and the axes of crystal rotation. 


in orientation in each specimen is unchanged in so 
loing.) 

The primary slip plane as determined by visible 
lip traces is the (111) in Fig. 2. The migration of 
the stress axis with increasing strain in the case 
)f two specimens is along a great circle path directly 
toward the [110] direction in this plane. The other 
locations iend to define a great circle intersecting the 
slip plane some 7° toward [211] from the [110]. All 
observed deviations in path from an ideal [110] 
have been in this sense 

The measured elongation of the central section of 
one specimen was 31.5 pct. Laue photographs of this 
region showed such diffuse spots due to the orienta- 
range as to be beyond plotting, but had well 
developed Debye rings. A rod was therefore cut 
parallel to the stress axis and a rotating crystal pat- 
tern taken, Fig. 3. The pattern exemplifies a highly 
developed texture and indexes to a <123> rotation 
axis, Le., stress axis. The location of the [132] pole 
is shown in Fig. 2. It lies on the great circle between 


tior 


011] initial stress axis and the [110] direction. 
Applying the Schmid-Boas formula’ to this case, 
with [110] as the slip direction, the calculated strain 
is 31.3 pet, in close agreement with the measured 
strain of 31.5 pct 
Banding 

The elongation of Laue spots, now generally 
termed asterism, was observed frequently but not 
consistently in the photographs of deformed regions 
The local rotations represented by such elongated 


Fig. 3—Rotating crystel pat- 
tern is given for crystol ex- 
tended 31.5 pct. Rotation axis 
is the stress axis, indexing 
123>. Taken with copper 
radiation, nickel filter 
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ts SLIP PLANE POLE 
4 4 
. 
4 
ieee! tion in the slip plane toward which a tensile stress 
x ef 14 The ta- 
AN i 


spots do not all have the same axis of orientation. 
Figs. 4a, 4b, and 4c give stereographic projections 
of three crystals. In the case of Fig. 4c, the direction 
of spot extension closely parallels a major zone. In 
the case of Figs. 4a and 4b, the axes of local rotations 
were located within a radius of perhaps 5°, with a 
more restricted most probable location.* The as- 
minations were made by plotting stereogra- 
ypes of the termini of the elongated spots 
se set of great circles passing through | 

r of the envelope zones and 2—the angular 


ve zone axes, then intersect at the axis com- 
s represented 


ntatior 


sortment of local rotations typifies the inhomo- 
geneity of deformation found in germanium after 
even relatively small strains under the present con- 
ditions. 

In the case of the crystal of Fig. 4c, the [121] 
axis of local rotation is consistent with slip on the 
(111) cross-slip plane in the nonprimary [101] 
direction. This, however, lies in the (111) 
conjugate slip plane. The possibility of conjugate 
slip is suggested by Fig. 5 and recent findings of 
Honeycombe.” Fig. 5 is an X-ray micrograph after 
Barrett,” taken on a specimen cut axially from the 
crystal of Fig. 4c after this had experienced a crys- 
tallographically calculated* resolved shear strain of 
0.35 and was lightly ground smooth and chemically 
polished. The axis is horizontal, and the 
micrograph is a positive, i.e., lighter areas are those 
of greater diffracted intensity. Confirming the orien- 
tation of the specimen in situ has shown that the 
traces of the primary slip planes are the somewhat 
vague light lines roughly parallel to the dark bands, 
running from upper right to lower left. Honeycombe 
with a similar technique has found in aluminum 
crystals strained in tension “bands of 
slip,” the banding roughly parallel to the primary slip 
plane and the slip on a conjugate plane. For the 
original orientation of this crystal, the resolved shear 
stress for an axial stress o, is 0.43 o, in the primary 
(111)[110] system 0.39 «, in the conjugate 
(111)[{101] system. These values are very close to 
those recorded by Honeycombe for an aluminum 
crystal of apparently similar orientation in which 
bands of secondary slip were observed 

Such bands of secondary slip and the streaking 
plotted in Fig. 4c suggestive of local rotations in the 


also 


stress 


secondary 


and 


cross-slip plane have the [101] direction in common 
As the Laue photograph was not necessarily taken 
directly on a banded region, the two possibilities are 


© * 
. 
- 
. 
‘ 


Fig. 4—Stereographic projections (a, b, and c) are given for potterns of strained germanium crystals with axes of local rotations 


b 


not mutually exclusive and, together with the ob- 
servations of the other local axes described, may 
all be possible inhomogeneities in the plastic de- 
formation of germanium 


Polygonization 

Reverting to Fig. 5, the alternate array of sharply 
defined lines disposed normal to the primary slip 
lines and secondary slip bands are noted. Also, in 
the rotating crystal pattern, Fig. 3, all the higher 
angle Ka doublets are clearly resolved, although the 
Laue pattern for this specimen was broadly diffused. 
Coexistence of these aspects indicates a structure of 
very small volumes of strain-free material of pro- 
gressively slightly different orientation, as in poly- 
gonization.” The finer boundaries of Fig. 5, approxi- 
mately normal to the slip traces, are consistent with 
this. 

With a magnification in Fig. 5 of X70, the aver- 
age width of the delineated domain is about 0.02 
mm, considerably smaller than the usually reported 
dimensions of a polygon. However, E. S. Greiner 
and P. Breidt, Jr have shown that germanium 
single crystals deformed 24 pct in compression at 
900°C have a microstructure consisting of small 
volumes of linear dimensions of about 3x10° cm 
The size of these domains is a function of the tem- 
perature of deformation, but in their work the size 
was not observed to increase perceptibly on subse- 
quent high temperature annealing. The specimen of 
Fig. 5 was deformed in tension 19 pct at 600°C and 
held at this temperature about 2 hr 

F. L. Vogel now reported a micrographic 
and X-ray study on dislocations in bent germanium 
His micrographs of dislocation etch pits reveal a 
block structure aligned normal to the slip planes at 
temperatures of deformation of 650°C and 


has 


above 


Vogel regards the array of “slightly misoriented 
blocks” as evidence for po.y gonization and Rive a“ 


size of 10° cm from both optical and X-ray evidenc« 
Thus, there is substantial agreement on the poly- 
gonized domain among the three separate 
studies 


$1ze 


of Flow 

of germanium is quite 
This is associated at the 
period under stress prior 


Dynamics 
dynamic behavior 
sensitive to rate of strain 
outset with the incubation 
to flow reported by Gallagher and invariably con- 
firmed in the of experiments. During 
the incubation period, the rate of decline of load 


The 


present series 


at fixed elongation is very small. In at least one 
= P 
te 
c 


In cases 


of elongation of Lawe spots, the local rotations represented by such elongated spots do not all have the some axis 
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mon to the two 
i 
‘3 
. 
by 


crystal of 112 orientation studied, the load- 
tirme pe was horizontal and the incubation period 
terminated abruptly. In the 110 orientation, 
termination of incubation has been marked by a 
continuous transition over a few seconds to a very 
rapid exponential decay of stress with time. Incuba- 
tion periods are given in Table I together with the 
applicable ternperatures and initial applied stresses 
An inverse relationship to temperature and to ap- 
plied s found 

sire lecay rate will not be given in this paper 
except to note that, on repeated loading to the same 
tial tre following relaxation to some given 
fraction thereof, the decay rate decreases e., the 
% time to relax the fixed fraction of stre increases 
Germanium work harder On annealing free of 
ud (f example, for 2 hr at 750°C after strain- 
ng at Ov ), the ate tre relaxation at 600°C 
ncreased, but not t ts initial value, and de- 
reases as before on further straining. A part of the 
k hardening recoverable, presumably in con- 
inction with polygonization, but restoration of the 
\ mechanical properties is no more observed 

‘ ullizatior 
I ncubation period under fixed strain is paral- 
i by a sharp yield point under continuous load- 
he strain first ases nearly linearly in 
‘ juired i ibation period is abbreviated 
with the elapsed time under load 
iroy Her a critical resolved 
f lip in ge"manium is incompletely 
nie tl g rate is specified. In 
ntinuously the yield point at 
va uned in Go a loading 
} he softne f the ma- 
tre trai ate nexact, n cali- 
i hine t i test bar, an approximate 
{ t 3 in. per min was derived 
‘ ndit the resolved shear stress 
‘ eld point followed by a strain- 
Nara normal ippearanct and the 
i whole is highly suggestive 
f the nt phenomenon in mild steel and of 
the latter proposed by Cottrell.” 
in immediate reloading after re- 
the sharp first yield point is no longer 


Table |. Incubetion Periods for Flow of Germanium in Relaxation 
110 » Orientation 


Incubation 


Applied Stress, Pei Peried, See 
” Apr x 
j 5 Approx 
42 
| perceptible 
1 th the t behav of germanium 
af? pportunit for quantitative com- 
n wit ttrell’s theory Tt paper is con- 
fined to n tion of five point f qualitative agree- 
A bs« f the sharp first vield on immediate 
2—The yield point found in dilute solutions, for 


example ron. Zone-leveled 
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Fig. 5—X-ray micrograph taken of the crystal represented by the 
stereographic projection of Fig. 4c. Stress axis was horizontal. 


Positive print. X70. Area reduced approximotely 65 pct for re- 


production 


germanium is assuredly sufficiently dilute; the ques- 
tion is whether it is too dilute for the mechanism 
to apply. (The present specimens contained about 
5.x10° wt pct Sb. Assuming a dislocation density of 
10° per sq cm,” a solute concentration of the order of 
wt pet would be sufficient.) Since in ger- 
manium there is opportunity for both electrical and 
interaction between dislocations and solute 
it is suggested that increased force may here 
roduce the yield point at lower impurity concen- 


about iV 


elasti 


atoms, 


j—The theory predicts a sharp dependence of 
yield point on temperature, which in the case of 
germanium follows from the temperature depend- 
ence of the incubation period. 

4—The incubation period and its stress depend- 
ence are consistent with the theory and are as found 
n experiments of Wood and Clarke on mild steel, 
cited by Cottrell.” 

5—The banding observed and local rotations de- 
scribed are consistent with the condition of initial 
yielding in regions of high stress concentration. 


Summary 

1—-Germanium deforms by slip on the {111} plane 
and, on a macroscopic scale, in the <110> direction 

2—Slip in a tensile-strained single crystal is ac- 
companied by local rotations, some of not readily 
rationalizable description 

3—One specific kind of local rotation observed is 
describable as that conforming to kinking with re- 
spect to a cross-slip plane or to secondary slip band- 
ing parallel to the primary slip plane. There is 
X-ray micrographic evidence of such banding. 

4—Germanium polygonizes concurrently with or 
immediately following tensile deformation at tem- 
peratures as low as 600°C. The block domains are of 
Linear dimensions of the order of 2x10“ cm, essenti- 
ally the same as found by other workers 

5—Germanium crystals leaded to constant stress 
indergo an incubation period prior to 
any substantial plastic flow, the duration of which 
varies inversely with temperature and applied stress 

6—Associated with the incubation period, there is 
a sharp first yield point under continuous loading 
which is not obtained on immediate reloading, simi- 
lar to mild steel 

7—On continued straining, germanium work 
hardens and is only partially softened by annealing, 


in tension 
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| 
| 


which can result” in further degree of polygoniza- 
tion. 

8—The yield point behavior is qualitatively con- 
sistent with Cottrell’s solute atom atmosphere theory 
of the sharp yield point. 
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Bauschinger Effect in Creep and Tensile Tests on Copper 


The Bauschinger effect, or rounding of the corner of the stress-strain curve upon re- 
loading, represents a temporary apparent softness that is more pronounced at large strains 
than small and for complete unloading than for partial unloading. Interrupted creep tests 
on copper exhibit a similar temporary softness ‘high creep rate) upon reloading. The fact 
that the strainwise dying-out time of these effects is the same in both tensile and creep 
tests shows that they are related. Thus, the term Bauschinger effect appears to embrace 
behavior following partial or complete unloading and reloading in addition to behavior fol- 
lowing reversed loading. It is suggested that the term may properly apply also to certain 
creep behaviors following a small load decrement. 


NTERRUPTED tensile tests at low temperatures 

show’ a rounding of the corner of the stress- 
strain curve for reloading, which indicates a tem- 
porarily low deformation resistance. In the absence 
of recovery, the curve soon rises to the value that 
would have prevailed if the test had not been in- 
terrupted. The rounding of the reloading tensile 
curve has sometimes been referred to’ as the Bau- 
schinger effect, although the term is more com- 
monly applied to low deformation resistance in 
compression following tensile prestrain. The un- 
usually broad usage of the term Bauschinger effect 
in ref. 1 seems justified by the obvious interconnec- 
tion of the various behaviors to which it has been 
applied.’ In fact, the following discussion will indi- 
cate that still broader usage might be desirable 
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The Bauschinger effect is common at room tem- 
perature but apparently disappears at higher tem- 
peratures.’ 

Interrupted creep tests and tensile tests were 
made on certified OFHC copper (nongaseous im- 
purities exclusive of silver were 0.004 pct), cold 
drawn 84 pct to % in. diam, and annealed at 600° 
(about 0.025 mm grains) or 850°C (about 0.2 mm 
grains). The tests were made in standard creep or 
tensile machines, using an O.S. Peters microformer- 
type extensometer or, for the small plastic strains, 
a special arrangement employing General Electric 
magnetic gage heads." 

Interrupted creep tests at room temperature 
show” * an initial softness after reloading, mani- 
fested by an initial creep rate that is higher than 
that which would have prevailed if the test had not 
been interrupted. Fig. 1 shows some typical ex- 
amples. This effect is apparently temporary (as is 
that in tensile tests): in four of the five tests shown, 
the llog rate vs strain curve becomes parallel to an 
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EFFECT OUT. PERCENT 


TOTAL CONVENTIONAL STRAIN AT UNLOADING PERCENT 
Fig. 3—Compoarison of dying-out times for the Bauschinger 
effect in creep and tensile tests on OFHC copper 


Fig. |—Interrupted creep tests at room temperoture on certified ae 
*ffect sti emains even when jy a sma actio 
OFMC conser, cold draws 84 pct, end enncoled | be ot the tom- e ill remains even when only a small fraction 
of the load has been removed 
perature shown. See also refs. 3 and 4 ian . 
The foregoing effects following partial unloading 
may be similar to previously observed* departures 
from plastic ideality* following very slight unload- 


t be approaching a | arallel curve.* Plast ideality, as defined im ref. 4 that the plastic 
. be? © depends nly m the current conditions, and not on past 
st such as prior temporary unloading. Thus, the Bauschinger 


rture fr plastic ideality 


ing. According to this earlier investigation, the 


else elongation rate diminished with elongation much 

more rapidly after a load decrement than after a 

. ble relation between the temporarily low load increment. How rapidly the elongation rate 

ipting a tensie t and the tem (4) diminishes with elongation (8) in a constant 

I ite aft nt ipting a eep test load test may be represented by the quantity 


, ‘ the effect. F 2 shows (3 log, 6/48), where p is load. Fig. 5 shows a par- 
, . ~ ad { the Bau ticularly striking example of this effect and Fig. 6 
Raat tm dil it in tensile tests on copper immarizes the results of creep test following both 
th iners ng strain. TI trend is in- ad increments and load decrements 
, ' where the data from Fig. 2 have The effect was apparently temporary, however, 
oa ' 1 ae well as the results of all the because one test continuing through a much larger 
te from refs. 3 and 4. Fig. 3 strain increment than the others (Fig. 7) showed an 
ent f iving-out eventual decrease in the rate of diminution of creep 
sme wavy for both the rate. The slope eventually reached in the test of 
and the creep test- Fig. 7—the value of (@ log 8/4 8),—is shown by the 
t \pparently the two effects are filled circle in Fig. 6, which has a position near the 
: ne trend line that characterizes the behavior following 
ed previously were obtained a load increment 
t t loadir Thus, for copper, the creep characteristics follow- 
! ire similar ing a small load decrement are similar in certain 
+). The magnitude respects to those following partial or complete un- 
y as the per- loading and reloading; there is a temporarily high 


rate of change of the creep rate with strain. This 


Fig. 2—Interrupted tensile test on certified 
OFHC copper, cold drawn 84 pct, and an- 
nealed | hr at 600°C. 
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Fig. 4—Interrupted tensile test on certified 
OFHC copper, cold drawn 84 pct, and an- 
nealed | hr at 850°C. Initial diameter was 
0.300 in. 
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Fig. 5—Room temperature transient experiment on OFHC 
copper annealed at 600°C in which a small load was alter- 
nately added and removed. Initio! diameter was 0.300 in 
Data from Lequear and Lubahn.* 
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Fig. 7—Room temperature transient experiment on OFHC cop- 
per annealed at 600°C showing creep behavior following a 
load decrement. Initio! diameter wos 0.300 in. Data from 
Lequeor ond Lubahn.* 


similarity suggests that the behaviors under the two 
circumstances are both manifestations of the same 
basic phenomenon; and perhaps, therefore, the be- 
havior corresponding to the abnormally high filled 
triangles in Fig. 6 should be included as part of what 
is called the Bauschinger effect 
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Fig. 6—Eftect of strain level on the slope of log extension rate vs 
extension curves from creep tests on OFHC copper annealed at 
600°C. Lower curves are magnifications of upper curves. Dato 
trom Lequear ond Lubahn.” 
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Zirconium-Columbium Diagram 


The constitutional diagram presented herein ts relatively simple. Complete mutual solid 


G r TKINS 


solubility exists for an interval below the solidus line, a continuous curve with a flat 
minimum neor 22 pct Cb and 1740°C. Upon cooling, the solid solution breaks up, except at 
the columbium-rich side, from two causes: zirconium-rich alloys transform under the influ- 


ence of the 
into two solid solutions below 1000°C 


1 transformation in zirconium; alloys of intermediate composition decompose 
The combined effect is the formation of a eutectoid 


at a temperature of 610°C and a composition of 17.5 pct Cb. The eutectoid horizontal ex- 
tends from 6.5 to 87.0 pct Cb. Some age hardening effects have been observed in the zir- 


N recent years, zirconium has been produced in 
| irge juantities than were available pre- 
Corresponding! the incentive for study- 

tems has increased, as the number 

pul systems testifies 

H : 4 partial diagram of the Zr-Cb sys- 


i and relatively few refer- 
als 

} up to 
H lati n melting points were 


to distinguish with cer- 


fa nal w eutec- 

} the soli- 
results 
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conium-rich alloys but the positions of the solvus lines remain uncertain. 


Table |. Spectrographic Analysis of Zirconium Used in Making 
Zr-Cb Alloys 


Element Pet 


obtained as scrap pieces that had been left over from 
an operation that included production by the iodide 
process, melting under a protecting atmosphere, and 
fabrication to pilates. The individual pieces had 
hardness values of 24 to 32 Ra and a typical analysis 
is shown in Table 1. 

The columbium also was scrap trimmed from 
sheets. It was furnished by the Fansteel Metallurgi- 
cal Corp. and had a high ductility but its analysis 
was known only approximately. The metal probably 
contained about 0.5 pct Ta, perhaps 0.25 pct C, and 
a few hundredths percent each of iron, silicon, and 
titanium 

Melting: The alloys were melted in a tungsten- 
electrode copper-crucible arc furnace similar to 
units that have been described recently in the metal- 
lurgical journals.” 

The crucible of this furnace is provided with a 
cavity in which a getter charge can be melted before 
the melting of the alloy charges. Hardness measure- 
ments on the ingots indicate that the getter charge 
takes up a considerable fraction of the oxygen and 
nitrogen from the helium atmosphere of the furnace 

The alloys used in the investigation are given with 
their intended compositions, hardness, and melting 
points in Table II 

Fabrication: All alloys of the Zr-Cb system ap- 
pear to be amenable to fabrication. At least, all of 
the compositions listed in Table II could be reduced 
to wires in a rotary swaging machine. The starting 
material was either slabs cut from ingots and ground 
by hand to rough cylinders or narrow strips trimmed 
from sheets made by cold rolling slabs 

However, not all of the alloys could be fabricated 
satisfactorily by the same method. From 0 to 4 pct 
Cb and from 20 to 30 pct Cb or more, the alloys could 
be swaged cold from % in. cylinders to 0.80 mm 
wires with only one intermediate annealing, some- 
times with none. From 40 to 90 pct Cb, the alloys 
were difficult to swage either hot or cold but could 
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by B. A. Rogers 
te be Aluminus < 0.003 
Laictulr 0.001 
ence e Deen Chr ium 003 
Copper 
ri lige Hafniun <0.05 
} it 2 t lror 0.02 
Magnesiur 0.001 
not fy ently numerous Nickel 0.002 
, 7 ternat Silicor 0.014 
‘ Titanium <0.002 
j ve Alt igh Hodge 
te iggested that 


Table || Intended Composition, Hardness, and Melting Temperature 
of a Series of Zr-Cb Alloys 


Melting 
Temperatere, °C 


Hardness.” 


Cb, Pet Ry Measured Values 


1754, 1733, 1769, 


be rolled cold easily. Pieces cut from the rolled strip 
could then be swaged cold through several dies. Al- 
loys from 5 to 17 pet Cb required a different treat- 
ment. They were cased in air-tight steel jackets and 
swaged at 800° or 825°C to rods of ‘% to 3/16 in 
diam. Then, after their jackets had been stripped 
off, they were cleaned and put through a two-stage 
heat treatment under vacuum. The first stage of this 
treatment consisted in a heating to 900°C at a rate 
slow enough to ensure that the pressure did not rise 
above 3x10* mm Hg, holding the rods at tempera- 
ture for an hour or two, and then cooling them as 
rapidly as possible—to a black heat in about 2 min 
In the second stage, the rods, without being removed 
from the furnace, were reheated to about 500°C, 
held at temperature for 10 or 20 hr and cooled at any 
convenient rate, perhaps 200°C per hour. After this 
heat treatment, they could be swaged cold through a 
reduction of 50 to 80 pct in diam 

Heat Treatment of Specimens: Heat treatments 
were intended to bring the alloys into one of two 
conditions. In the first, the alloys were cooled as 
rapidly as possible from 900°C after having been at 
the temperature for 20 hr. The cooling was suffi- 
ciently effective to retain the high temperature con- 
dition in all but the zirconium-rich compositions 
because the transformation becomes increasingly 
sluggish as the columbium content rises beyond 5 
pet. The second treatment included the first treat- 
ment plus subsequent heating between 500° and 
600°C for periods lasting from 60 to 400 hr. It was 
intended to bring the low temperature phases into 
equilibrium. 

Apparatus and Methods 

The positions of the lines in the diagram were de- 
termined mainly by the measurements of four prop- 
erties. These were: 1—melting point, 2—change of 
electrical resistance with temperature, 3—change of 
length with temperature, and 4—lattice parameter. 
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Supplementary data were obtained from hardness 
measurements and microscopic examination. 
Melting Point: The apparatus for determination of 
melting point was based on a method used by Pirani 
and Alterthum.” As it has been described in a report 
of another investigation,” details are not given here 
Resistance Temperature Measurements: Variation 
of electrical resistance with temperature can be 
measured with simple apparatus. The circuit used 
in this investigation is illustrated in Fig. 1. If the 
specimen and a standard resistance are connected as 
shown in the figure and a constant current main- 
tained in the circuit, then the resistances are in the 
same ratio as the voltage drops across them 
Dimensions of the specimens differed. Diameters 
varied from 0.75 to 1.33 mm and lengths, before the 
specimen was bent to a hairpin, were 3 to 4 in 
Dilatometric Measurements The dilatometric 
curves were made on an instrument developed by 
Dooley and Atkins.” As a description of the appara- 
tus has been published, only a few of the main fea- 
tures need be outlined here 
The essential element of the instrument is a linear 
differential transformer of which the output varies 
according to the position of its movable core. The 
coils of the transformer are held in a fixed position 
whereas the core is mounted on a light silica push 
rod that rests upon the specimen and follows its 
change of length. Hence, the output of the trans- 
former is a measure of the length of the specimen 
An advantage of the apparatus is that specimen, 
specimen support, transformer, and push rod can be 
contained in a tight glass and silica system that may 
be exhausted so that the specimen is not oxidized 
Furthermore, it is readily adaptable for use with 
automatic function plotting devices. The apparatus 
used in this investigation had been designed for 
specimens approximately ‘4 in. diam by 1 in. long 
[ Although 


a composite of 


Determination of Lattice Parameter 
the X-ray diffraction apparatus is 
parts from two manufacturers, the individual part 
are standard items. The camera is a standard Debye- 
Scherrer type with a diameter of 114.6 mm. An X- 
ray tube with a copper cathode was used in this 
investigation. The filter was a sheet of nickel 

Miscellaneous Apparatu Metallographic and 
hardness testing equipment is so standardized as to 
require no description 

Some resistance measurements on alloy wires at 
room temperature were made with a Kelvin bridge 
Because thi 
rents, the specimens became heated slightly above 


apparatus is designed for heavy cur- 


| 


To 
POTENTIOMETER4 
TEMPERATURE 
MEASURING POT 


Fig. 1—Circuit used in measurements of electrical resistance 
@ represents plotinum wire; b, Pt-Rh wire; 5, standard 0.1000 
ohm resistance; and x, the specimen 
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M-748 1.0 
M-749 2.0 53 
M-942 3.0 58 
M-751 5.0 63 1820, 1805 1805 { 1805 Bes 
M-753 5.0 63 1779 
M-615 6.0 63 1749, 1789 1770 ad 
M -606 8.0 71 1790 1790 
M-618 8.0 69 
M -607 10 66 
M-946 10 69 1779, 1774 1775 a 
M -608 12 61 1769 17% oe 
M -850 13 59 1765 1765 Pe 
M-851 14 60 1769 1770 
M-679 15 59 1758 1268 
M -852 15 1779 ae 
M-868 17.5 53 1733, 1749, 1743 1745 Pe 
M-855 20 54 1743, 1769 1748 
M -869 20 53 1743, 1743 
M-867 225 53 1718, 174 173 
M-879 25 52 1743, 1750 174 
M-678 0 55 
M -680 30 55 
M -648 40 63 1790 179 Lo 
M-743 5 64 1810 18 3 
M-647 60 64 1851 1850 Ni 
M-741 70 65 1952 1950 pe 
M-949 75 63 
M-742 64 2965 2065 
M -948 Hi 62 
M-87 2220 222 
M-815 2435 2455 
* Refers to hardness of slab cut from ingot ¥e 
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Fig. 2—Plotted dete from which the Zr-Cb diagram was drawn 
Oper rcle represents beginning of melting ond also resistence 
temperature dota, half-closed circle, dilatometric data; and squere, 
Jote from X-rey potterns 
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Fig. 3—Room temperoture resistivity of the Zr-Cb alloys in two 
different conditions. Curve A gives resistivities of alloys 
cooled rapidly from 900°C. Curve 8 gives resistivities of alloys 
reheated ofter rapid cooling. Compositions from 4 to 13 pct 
Cb inclusive were heated ot 575°C for 160 hr and 590°C for 
120 br. Compositions from 15 to 90 pct Cb inclusive were 
given the same treatment plus 120 additional hr at 590°C 


: ngs were taken very 
Frequently, measurements were interrupt- 


ed so that the specimen could cool 


Results of the Investigation 


General Comments on the Diagram: The results 
of this investigation can be described most readily 
from the constitutional diagram shown in Fig. 2. As 


suggested by the caption, the diagram is based al- 
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Fig. 4—Four char- 
acteristic types of / 
electrical resistance 
temperature curves 
o— Zirconium -rich 
alloys, below 6.5 b 
pct Cb. b—Hypo- 
eutectoid alloys, 6.5 % 
to 17.5 pet Cb. c— 
Eutectoid alloy. d— x Z 
Hypereutectoid al- 

loys, 17.5 to 87 pct 
Cb 
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Fig S—Resistance temperature graph of unalloyed zirconium 


most entirely on the results obtained from dilato- 
metric measurements, from resistance temperature 
graphs, and from X-ray data. Because the sluggish- 
» changes in the solid alloys made thermal 
analysis unsatisfactory for all but the zirconium- 
rich alloys, the method was used very little and 
none of the results obtained by it have been in- 
cluded. Also, as considerable difficulty was encoun- 
tered in obtaining properly etched surfaces, micro- 
scopic examination was of only minor value and no 
micrographs have been incorporated in the report 

A point to be noted is that this diagram is based 
on data taken with rising temperature. This restric- 
tion is the result of the sluggishness of the trans- 
formation on cooling shown by all alloys containing 
more than 5 pct Cb. Above 8 pct, the time required 
to obtain equilibrium was impractically long 

The Solidus Temperatures: Determination of the 
solidus points proceeded without difficulty after 


ness of th 
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early trials had indicated the need for a slow rate of 
heating over a temperature interval below the be- 
ginning of melting. Slow heating gave time for the 
specimen—cut from the button-shaped ingot—to be- 
come homogeneous. Nearly identical readings were 
obtained on specimens from the same ingot The be- 
ginning of melting was signaled by the appearance 
of a dark spot at the bottom of the black-body hole 
as molten metal began seeping into it. Usually, the 
temperature at which the dark spot formed could be 
determined accurately but, in a few instances, some 
doubt existed as to the temperature when the spot 
appeared. 

Corrected individual and average readings of the 
beginning of melting are given in Table II along 
with the composition and hardness of the specimen 
This hardness is, of course, the hardness of the ingot. 

No effort was made to determine points on the 
liquidus but the narrow range of melting near 20 pct 
Cb was observed 

Resistivity at Room Temperature: In a prelimi- 
nary survey, the resistivities of the alloys in wire 
form were measured at room temperature with the 
Kelvin bridge mentioned previously. Each wire was 
tested in two conditions. 

For the first measurement, the wire was cooled as 
rapidly as possible from 900°C in the manner de- 
scribed under the section on heat treatment At 
900°C, all of the alloys except those having colum- 
bium contents between 44 and 77 pct were in the 
single-phase condition. The resistivity of alloys in 
this interval probably was much the same whether 
they were cooled rapidly from 900°C or from a high 
temperature. At least, a 50 pct Cb alloy quenched 
with helium from about 1100°C had the same resist- 
ance within the limit of error of the measurements 
as it did after it had been cooled rapidly from 900  & 
in the usual manner. The results of these measure- 
ments appear as curve A in Fig. 3. 

The wires were measured again after they had 
been heated to bring the a-zirconium-rich and co- 
lumbium-rich phases into approximate equilibrium 
That equilibrium may not have been complete was 
indicated by a slight decrease in resistance during 


— 
TEMPERATURE, DEG C 
Fig. 6—Resistance temperature graph of Zr-8 pct Cb alloy. 
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Fig. 7—Resistance temperature graoh of Zr-17.5 pct Cb alloy 


TRANSACTIONS AIME 


the last 120 hr of a heat treatment consisting of 160 
hr at 575°C plus 240 hr at 590°C. Had the heat treat- 
ments continued longer, the junction of curves A 
and B in Fig. 3 probably would be slightly lower 
than it is now placed 

Resistance Temperature Measurements: The gen- 
eral form of the resistance temperature graph for a 
Zr-Cb alloy depends upon its composition In the 
four subfigures of Fig. 4, idealized characteristic 
graphs for four compositions are shown. Fig. 4a il- 
lustrates the type of curves for zirconium-rich alloys 
that do not undergo transformation at the eutectoid 
horizontal, that is, alloys to the left of G in Fig. 2 
X and Z in this subfigure indicate the crossing of 
lines DG and DE (Fig. 2), respectively. Fig. 4b cor- 
responds to the interval GE. In this figure, X-Y indi- 
cates the crossing of GE, and Z the crossing of DE 
The curve obtained at the eutectoidal composition 1s 
depicted in Fig. 4c. Fig. 4d illustrates the type of 
curve that occurs in the interval EH, X-Y corre- 
sponds to the crossing of EH and Z to that of EFH 

A series of graphs plotted from simultaneous re- 
sistance and temperature measurements 1s presented 
in Figs. 5 through 9. The first graph, Fig. 5, shows 
the full range of measurements from room tempera- 
ture to about 950°C. The remaining figures cover 
orly the interval from a little below the eutectoid 
horizontal to the highest temperature necessary to 
include the transforming range 

Fig. 5 shows that the transformation of zirconium, 
even of a good grade, is likely not to be isothermal 
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Fig. 8B—Resistance temperature graph of Zr-30 pct Cb alloy. 
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Fig. 9—Resistance temperature graph of Zr-60 pct Cb alloy 
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Fig 10—Dilatomet 
ric curve of unol 
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Fig. 11—Dilatomet 
; rc curve of Zr-3 
> pct Cb alloy 
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containing less than 5 pct Cb. Furthermore, because 
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Fig. 13—Dilatomet- 
ric curve of Zr-15 
pct Cb alloy 
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Fig. 14—Dilatomet- 
ric curve of Zr-20 
pct Cb alloy 
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Fig. 15—Dilatomet 
ric curve of Zr-22.5 
pet Cb alloy 
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of the rounded maxima of these zirconium-rich al- 
loys, the temperature at which they cross DG can be 
fixed only approximately 
Figs. 6 through 9 include the graphs of alloys with 
In them, the beginning of transforma- 
tion is evident and, in most instances, occurs near 
610°C. The changes in resistance as the specimen en- 
ters the 8 field are less definite. For example, the 8 
ct Cb alloy (Fig. 6) has a wide flat portion near 
80°C. This interval undoubtedly includes the cross- 
ing of the specimen from the a + 8 field to the 
} field but leaves doubt as to the temperature that 
should be selected as representing a point on the 
ine DE. Fig shows the resistance temperature 
‘urve for the 17.5 pct Cb alloy. This alloy is very 
near eutectoid composition but the transformation in 
t not completed until the specimen has attained 
a temperature of nearly 630°C. When an alloy of in- 
composition passes into the one-phase 
a change of direction takes place in the 
esistance temperature graph. In Figs. 8 and 9, this 
emperature is marked by an arrow. For a giver 
lloy in the intermediate range, the temperature of 
e 8 field appears to depend to some de- 
gree upon the prior heat treatment and upon the rate 
at which the temperature rises during the period of 
measurement. Hence, the relatively good fit of these 
points on the curve EFH (Fig. 2) and their agree- 
ment with the results of X-ray work must be re- 
garded as fortuitous to some extent. Data on all of 
the alloys are presented in Table III 
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Dilatometric Results: Representative dilatometric 
graphs obtained on unalloyed zirconium and on five 
alloys appear in Figs. 10 through 15. Curves for 
several of the zirconium-rich alloys, particularly the 
4, 5, and 6 pct Cb alloys, were so rounded at the top 
that no reliable data could be obtained for the cross- 
ing of DG. In general, the temperatures that corre- 
spond to the crossing of DE are lower than the corre- 
sponding figures from electrical resistance measure- 
ments. In Fig. 2, the line DE was placed roughly in 
an average position between the electrical resistance 
and the dilatometric points. Graphs of several inter- 
mediate alloys did not give clear indications of the 
crossing of EFH. Data obtained from the figures and 
from other dilatometric curves are summarized in 
Table IV 

Data from X-Ray Patterns: Patterns from pow- 
ders (filings) of the alloys have proved to be partic- 
ularly helpful in the determination of the diagram. 
One of the first experiments was intended to con- 
firm the evidence of the solidus curve for complete 
mutual solid solubility of the two components at 
elevated temperatures. Specimens of filings from a 
series of alloys were cooled rapidly from 1100°C in 
the way that was used for the cooling of resistance 
specimens. Although such cooling does not constitute 
quenching in the ordinary sense, it does maintain the 
high temperature condition in alloys that transform 
as sluggishly as these do. The patterns showed that 
the alloys had body-centered-cubic structures and 
that the lattice parameters varied as indicated in 
Fig. 16. No points appear in this graph for colum- 
bium contents below 15 pct, as the zirconium-rich 
alloys undergo some transformation at the rates of 
cooling attained 

The next step was to take patterns of a single alloy 
at different temperatures. Fig. 17 shows the patterns 


Table II. Transformation Temperatures in Zr-Cb Alloys as 
Determined from Resistance Temperature Dota 


Tempera- Tempera- 
tare of ture of 
Start of End of 
Alley Heat Treat- Transferma- Transforma- 
Ne Ch, Pet ment Neo.* tien, °C tien, 
0 6 850 880 
M-748 1 2 820 915 
M-749 2 2 740 865 
M-942 3 7 700 870 
M-753 5 5 650 840 
M-618 8 5 610 780 
M -607 10 5 610 750 
M -608 12 2 600 720 
M -8% 13 2 604 695 
M -852 15 4 610 6as 
M -868 17.5 4 608 630 
M -869 20 2 606 655 
M-4678 30 1 618 755 
M -648 + I 624 860 
M-743 50 1 ‘and 3) 955" 
M -647 60 3 612 97 
M-741 70 1 614 970 
80 1 610 


* Heat treatments given specimens defore measurements started 
were as f ws 
} Cooled rapidly from 900°C after 20% hr; heated for 160 
hr at 575°C plus 240 hr at 580°C 
idly from 900°C after 20 hr; heated for 155 he 


Cooled ft spidily from 900°C after 20 hr; heated for 60 hr 
4—Cooled rapidly from 900°C after 20 hr; heated for 170 hr 
led rapidly from 900°C after 20 hr heated for 120 hr 


‘ cooled slowly to 505°C. and held for 
cooled at 225°C per hr 


20 br. ther 
7—Cox i rapid from 900°C after 10 hr, reheated to 580°C 

held for 48 hr. cooled at 10°C per hour or slower to 250°C 
he furt 

Average tw runs 


one point near 900°C, break is about 880° to 


On estimate from 
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Table IV. Transformation Temperatures as Determined from 
Dilatometric Curves 


Temperature Temperature 


of Start of ef End of Hr of 

Alley Transferma- Transforma- Preliminary 

Ne Cb, Pet tien, °C tien, °C Heating* 
M-942 3 765 845 
M-614 4 815 
M -606 8 607 747 - 
M-607 10 616 725 160 
M -608 12 612 692 15 
M-8 13 609 685 20 
M -85! 605 664 20 
M-852 15 600 648 160 
M -868 17.5 609 625 i“ 
M -869 20 609 675 90 
M-867 22.5 6098 671 
M -648 40 612 120 
M-647 60 3 961 135 
M-741 70 605 18 

* Preliminary heating was at 500°C 

Curve rounded too much for estimate of temperature 
t Dilatometer ne perly adjusted over this range 
Note: 5 and 6 pct Cb alloys run in a different type of dilatometer 


gave 795° and 785°C, respectively, for temperature of end of trans 


of the 60 pct Cb alloy as cooled rapidly from 1100°C, 
as cooled rapidly from 900°C after 40 hr at tempera- 
ture, and as cooled rapidly from 550°C after 116 hi 
at temperature. Fig. 17a has a set of lines character- 
istic of a body-centered-cubic metal. Patterns of this 
type furnished the information given In Fig. 16. In 
Fig. 17b, the lines were doubled, indicating that the 
single solid solution has decomposed into two solid 
solutions. Fig. 17c has a set of prominent lines, which 
upon analysis turn out to correspond to a close- 
packed-hexagonal phase with lattice parameters 
that differ only slightly from the parameters of a 
zirconium. It has a less prominent and much less 
numerous set of lines that correspond to a body- 
centered-cubic columbium-rich solid solution 

The decomposition of the solid solution was in- 
vestigated next. Fig. 18 shows patterns of the 40, 60, 
and 75 pct Cb alloys cooled rapidly from 800°C afte: 
48 to 87 hr at temperature. In the 40 pct alloy, Fig 
18a. the lines corresponding to the larger parameter 

shorter distance from the (left) reference circle- 
are relatively strong. In Fig. 18b, the intensities of 
the two sets are roughly equal and in Fig. 18c the 
lines corresponding to the smaller parameter are 
relatively intense. Nearly identical values of lattice 
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Fig. 16—Varietion of lottice parameter with composition im 
alloys cooled rapidly from 1100°C 
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Fig. 17—Change in X-ray pattern of o 60 
pct Cb alloy cooled from different tem- 
perotures 

o—Cooled from 1100°C 


b—Cooled from 900°C 


c—Cooled trom 550°C 


Fig. 18—Change in intensity of X-ray dif 
fraction lines with composition of alloys 
cooled from 800°C 
o—40 pct Cb alloy 


b—60 pct Cb alloy 


c—75 pct Cb alloy 


e given by the inner set of lines in all Summary 
tion exists with The part of the constitutional diagram of the Zr- 
) pre- Ct oy system that lies above 610°C has been es- 
From the information in this table tablished with reasonable accuracy. It is relatively 
. 6. tl mis tlor i the tw mple in form but time-consuming to investigat« 
ted beca of the sluggishness of the alloys. The posi- 


t aI tions of the solvus lines descending from the ends of 
na the the eutectoid horizontal have not been. established 
i 49 pe 
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Technical Note 


Lineage Structure in Aluminum Single Crystals 


[ | SING a recently developed X-ray method, re- 


ted by Schulz,’ it is possible to make a rapid 


pr 
survey of the perfection of a single crystal at a par- 
ticular surface. This technique has the advantage of 
allowing a large surface of a specimen to be ex- 
amined by taking a single photograph and it com- 
pares well with other X-ray methods in regard to 
sensitivity of detection of small angle boundaries 
During the course of a survey of the perfection of 


large crystals of aluminum produced by a number o 
methods, an examination has been made of a number 
of single crystals produced from the melt using a 
soft mold (levigated alumina) 

Crystals grown by this method are known, from 
an X-ray tudy carried out by Noggle and Koehler,” 
to contain regions where they are highly perfect. In 
the present work, it has been possible to obtain 
photographs showing directly the distribution of low 
angle boundaries at a particular surface of these 
crystals 

Single crystals were grown from the melt using 
the modified Bridgman method with a speed of fur- 
nace travel of ~1 mm per min. These were about 
1/10 in. thick, 1 in. wide, and several inches long 
The metal was 99.99 pct pure aluminum supplied 
by the Aluminum Co. of America. The crystals 
were examined by placing them at an angle of about 
25° to the X-ray beam issuing from a fine focus 
X-ray tube of the type described by Ehrenberg and 
Spear* and constructed by A. Kelly at the Univer- 
sity of Illinois. A photographic film was placed 
so as to record the X-ray reflection from the lattice 
planes most nearly parallel to the crystal surface 
The size of the focal spot on the X-ray tube was be- 
tween 25 and 40 », and the distance from the X-ray 
tube focus to the specimen (approximately equal to 
the specimen to film distance) was ~15 cm. White 
X-radiation was used from a tungsten target with 
not more than 35 kv in order to reduce the penetra- 
tion of the X-rays into the specimen. Exposure ti 
were approximately 1 hr with tube currents between 
150 ana 250 microamp 

The type of photograph obtained from these crys- 
tals is illustrated in Fig. 1, which shows a number of 
overlapping reflections from the same crystal. The 
large uniform central reflection is traversed by sets 
of horizontal white and dark lines. These two sets 
run mainly parallel to one another. Lines of one 


color are wavy in nature and often branch and run 
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together. Large areas of the crystal surface show no 
evidence of these lines whatsoever. The lines are 
interpreted as being due to low angle boundaries in 
the crystal, separating regions which are tilted with 
respect to one another. A white line is formed when 
the relative tilt forms a ridge at the interface and a 
black line is found when a valley is formed. In a 
number of cases, the lines stop and start within the 
area of the reflection and often run into the reflec- 
tion from the edge, corresponding to a low angle 
boundary starting from the edge of the crystal 

The prominent lines run roughly parallel to the 
direction of growth of the crystal although narrow 
bands can run in a direction perpendicular to this 
see Fig. 2. Although they may change their ap- 
pearance slightly, the lines tend to occur in the 
same place in the X-ray image and to maintain their 
rough parallelism when the crystals are reduced in 
thickness by etching. Thus the low angle boundaries 
can occur at any depth within the crystal. The ap- 
pearance of the lines is unaffected by subjecting the 
crystal to rapid temperature changes, such a 
plunging into liquid nitrogen or rapid quenching 
from 620°C 

From the width of the lines on the X-ray reflec- 
tion, values can be found for the angular misorienta- 
tion of the two parts of the crystal on either side of a 
boundary. The values found run from 1 to 10’ of 
arc, but values of up to 20° have sometimes been 


found, e.g., the widest lines on Fig. 2. These mis- 
orientations are much less than those commonly 
found in crystals possessing a lineage structure 
When a number of black and white lines occur, run- 
ning in a roughly parallel direction across the image 
of a crystal, the total misorientation corresponding 
to lines of one color is approximately equal to that 
corresponding to lines of the other color 

The interpretation of the lines as due to low angle 
boundaries has been checked in a number of way 
Photographs taken with different specimen-to-film 
distances distinguish lines due to low angle bound- 
aries from effects due to surface relief of the speci- 
men. Normal Laue back-reflection photographs, 
taken with the beam irradiating an area of the sur- 
face showing a number of the lines, show white lines 
running through each Laue spot. Black lines are 
difficult to see by this method. X-ray photographs 
were also taken, using the set-up described by Lam- 
bot et al.” When the beam straddles regions giving 
rise to lines in the Schulz pattern, split reflections 
are observed within the Bragg spot. The misorienta- 
ions calculated from the separation of these reflec- 
and that found from the widths of the lines on 


tions I 


the Schulz technique patterns show good agreement 
An exposure was made with Lambot technique of an 


area of the crystal showing no evidence of low angle 
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Fig X-ray image was obtained from the surface of a single 
crystal of high purity aluminum grown from the melt. The di 
rection of growth is horizontal Very strong block lines in the 
two reflections in corners are due to choracteristic X-radiation 


The breadth of the X-ray reflection in- 

x j e totai I orientation of 

} the same as the width of re- 

and tr ime orde 


err entation 

> eff attice plane 

‘ ent f the 
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Fig. 3—X-ray image of part of the sur- 
foce of a crystal shows where the trace 
of the low angle boundaries crosses a re- 
gion reflecting characteristic X radiation 


those produced by strain-anneal methods. The 
X-ray examinations carried out here suggest that 
sole difference in perfection between crystals 
grown from the melt and those produced in the 
is the presence in the former of observ- 
able low angle boundaries, showing disorientations 
f 1’ to 20° of arc. Regions between the low angle 


or i 


solid state 


boundaries show a perfection comparable to that 
shown by crystals produced by recrystallization It 
thought that the perfection of these melt-grown 
rvstals may be due to the particular conditions of 
heat flow, resulting from the very low thermal con- 
juctivity of the mold rather than to its softness.’ 
One crystal was grown in a hard mold of Monmouth 
which is a poor conductor of heat 
both the Schulz 


stoneware clay 
This crystal was examined with 
snd Lambot techniques and showed the same low 
ngle boundary structure and perfection in regions 
between the low angle boundaries as was found in 
rystals. It would seem then that the in- 
portant factor is the thermal conductiviy of the 


1 and that the mechanical properties are of less 
portance 
The interpretation of the majority of the low angle 
boundaries as being composed mainly of edge dis- 
cations of one sign seems a straightforward one 
und these results indicate an approximately equal 


number of edge dislocations of either sign in the 
The dislocation lines run approxi- 
the direction of growth. These 


whole crystal 
lel ¢ 


matel parauel to 
facts are in qualitative accord with the views of 
Chalmers’ on the mechanism of growth from the 
elt. However, the aluminum crystals examined 
here are quite perfect over large areas (see Fig. 1), 
and one crystal showed only one prominent bound- 
ary throughout the entire volume. It may be then 
that the formation of low angle boundaries is not a 


necessary consequence of growth from the melt 
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An isothermal jacket microcalorimeter, supplemented by metallographic, microhardness, and X-ray 
measurements has been used to study the isothermal annealing of high purity copper after room tem- 


perature tensile deformation. The amount of stored energy released during annealing has been meas- 
ured as a function of deformation in the range 10.8 to 39.5 pct elongation. The dota have shown the 
major heat effect to be associated with recrystallization and have allowed an analysis of the recrystal- 


HEN a metal is deformed plastically, some of 
the energy expended is dissipated as heat 
during the working process, while the remainder is 
stored within the metal in the form of lattice dis- 
tortions and imperfections. During subsequent heat- 
ing of the metal, the distortions and imperfections 
can be largely annealed out and the associated stored 
energy released as heat. It is apparent that measure- 
ments of the evolution of stored energy during such 
annealing may produce important information con- 
cerning the nature of the annealing mechanisms and 
the imperfections involved. Some excellent studies of 
this type have been made in the past, notably those 
of Taylor and Quinney,’ Suzuki,’ Bever and Ticknor,* 
Borelius, Berglund, and Sjéberg,* and Clarebrough 
et al None of this work, however, employed iso- 
thermal techniques, with the exception of the Bore- 
lius studies* in which only the early annealing stages 
were investigated. Since isothermal measurements, 
as compared with heating or cooling curve, have the 
merits that 1—they reveal the kinetics of a process 
more clearly, 2—the results obtained are more easily 
applied to theory, and 3—most fundamental inves- 
tigations of annealing using techniques other than 
calorimetry have been carried out isothermally, it 
was considered important to apply calorimetry to 
the study of the isothermal annealing of metals 
Accordingly, an isothermal jacket calorimeter of the 
Borelius type, supplemented by metallographic, 
hardness, and X-ray measurements, has been used 
to study the annealing of high purity copper afte 
room temperature tensile deformation 


Experimental 
The microcalorimeter has been described fully 
elsewhere.” Briefly, the specimen to be studied is 


placed in a constant temperature environment of 
virtually infinite heat capacity achieved, as showr 
in the drawing of Fig. 1, by means of a vapor ther- 
mostat. A high thermal resistance is provided be 

tween the sample and the environment and a sensi- 
tive differential thermopile (see Figs. 2 and 3) 
arranged with half its junctions in contact with, and 
thus at the constant temperature of, the environ- 
ment, and the other half in contact with the sample 
A reaction in the sample develops a small difference 
in temperature, AT, across the thermopile, which is 
followed by a recorder-galvanometer set-up as a 
function of time, t, and is converted to reaction heat 
per unit time, P, by the use of the equation 


daT 
P = aaT + fl] 
dt 


The constants, a and b, in Eq. 1 are determined by 


a simple calibration, making use of the Peltier heat 
developed by a small current run through the junc- 


tion of a thermocouple located in an axial hole in 
the specimen (Fig. 2). In its present form, the 
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lization kinetics and the calculation of activation energies of recrystallization 


limit of sensitivity of the calorirneter is a heat flow 
of 0.003 cal per hi 

The copper used was the spectroscopically pure 
metal supplied by the American Smelting and Re- 
fining Co. in the form of *% in. diam continuously 
cast rod, reported to be 99.999+ pct Cu. A small 
amount of the copper was available at the start of 
this work and is referred to hereafter as lot A. A 
second batch, lot B, was obtained later, most of the 
results described subsequently being for this lot 
As will be seen, there is some indication that lot A 
was somewhat purer than lot B, but it is not known 
whether this difference was present in the as- 
received metal or arose during subsequent handling 

The two lots of copper were remelted and cast 
into two 1% in. diam ingots in vacuo, using high 
purity graphite crucibles and molds. The ingots 
were upset several times to break up the large cast 
grains, and then rolled and swaged to rods 0.391 in 
in diameter, using several intermediate anneals with 
about 40 pct reduction in area between anneals. The 
penultimate anneal wes 2 hr at 350°C. X-ray ex 
amination showed no marked general preferred 
orientation in the resulting rods. The grain struc- 
ture typical of the twe rods is shown in the micro- 
graph of Fig. 4.* It was found to be virtually 


* The trasting grain shades this micrograph and those f 
Fig. 18) were obtained by depositing a sulphide film on the irface 
f refully electro, ed pies. This wa lone by a technique 
jescribed by La be and Mouflard*® in which specimens are dipped 
dilute aqueou i f ar nium sulphide The thickness 
thus the color-—-of the resulting sulphide film in dependent or 

the rientation of the ander ne meta 


possible to get an unambiguous measure of the 
absolute grain size in the two annealed rods because 
of the profusion of annealing twins and the lack 
of regularity of the grain boundaries liowever 
counts of the number of boundaries intersected pet 
line on a polished se« 


for the proportion of 


unit length along a random 


tion, making a correction 


boundaries (about half) estimated to be twin 
boundaries, gave a figure of about 0.015 mm for the 
average grain diameter. The grain size of the rod 
from lot A was about 5 pct smaller than that from 
lot B 

The rods were cut into 1 ft long bars and these 


deformed in tension at room temperature t« variou 
total elongations in the range 10.8 to 39.5 pet. A 
strain rate of 1 pct per min was used. The deformed 


| hest until ict 


bars were then stored in a dry ice « 
time as samples were to be cut from then Five 
bars deformed as indicated in Table I were used for 


the subsequent tests. In all cases, al] the calorimeter 
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Fig. 3—Three-view photograph of thermopile. A is exploded 
view: 8, axial view through middle section in A; and C, as- 
sembled thermopile 


tensile deformation and their insertion into the cal- 
orimeter was about 3 hr 

The calorimeter runs were carried out in the fol- 

wing manner: With the calorimeter at the desired 
annealing temperature, the sample was thoroughly 
cleaned, vacuum-dried, and then preheated to the 
calorimeter temperature (in about 2 min) by drop- 
ping it into a close-fitting hole in an aluminum 
block heated by a small resistance furnace. From 
here it was quickly transferred to the support 
couple, raised by a rack and pinion lift into position 
within the copper quenching block shown just below 
the thermopile in Fig. 1, held there a few seconds, 
and raised into place within the thermopile. The 
helium within the specimen chamber up to this 
point (to take advantage of its good thermal con- 
juctivity) was replaced with argon and the result- 
ng thermal disturbances allowed to die down. Sig- 
cant readings of the evolution of heat from the 
sample could generally first be obtained about 10 
min after the introduction of the specimen into the 
preheating furnace. The reaction in the sample was 
followed to completion and calibration of the run 
by means of the Peltier heat technique, referred to 
previously, carried out before removal of the 


sample 


nif 


Results and Discussion 

Heat Evolution Curves: The first calorimetric an- 
nealing experiments were carried out on samples 
from bar 4, lot A, strained to 17.7 pct elongation in 
t ‘he evolution of heat during annealing at 
160.3°, 181.3°, and 200.9°C is revealed in the curves 
reproduced in Fig. 6, in which the rate of evolution, 
P, in calories per gram-atom per hour is plotted as 
a function of annealing time. All three curves show 
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Fig. 2—Detail of 
specimen and cali 
\ 
4 
| ru and the metallographic, hardness, and X-ray 
n i giver jeformation were made 
| I tre sarne leformed bar Th igh there wa 
eneitv of deformatior slong a giver 
i " ndicated by measurements of the bar 
a ameter at various points, this inhomogeneity did 
t exceed about 1 pct elongation for any of the 
imple ised. The =done on the 
ample was calculated from the areas under the 
ad-extension curves These curves are shown in 
Fig. 5 (original cross-sectional! area of bars 0.120 
sq in.). It may be seen that the stress-strain curves 
f the four bars fron t B were virtually ind:s- 
tinguishable from one another, while that for the 
bar f lot A deviated very slightly from the 
The samples for the calorimeter runs were in the P| . 4 
. form of bullet-shaped pieces from 1 to 1% in. long a Pee = 
ind in liam (about 1/5 t 1/3 gram-aton . 
f copper per imple) These amples were care- { 
f fully nd machined from the leformed bars and 
sxial } ed into them to receive the support- 
thermocouple shown in Fig. 2. The disturbed f 
bd 
metal resulting from the cutting and machining was ey eS 
removed by etching off 0.010 in. per surface in nitric a a ~ 
* 
acid. All these operations were carried out at room 
temperature with great care being taken to avoid P ’ 
heating the samples. Generally, the total time the 
samples were at room temperature between the 


that the stored energy is released in two overlapping 
stages. The first stage accounts for only a very minor 
portion of the total energy release (calculated from 
the area under the curves) and is characterized by 
a rate which is high at first and decreases rapidly 
with time. The rate of heat evolution during the 
second stage, on the other hand, starts low and goes 
through a maximum before decreasing to zero The 
second-stage kinetics are typical of a nucleation and 
growth process and, as will be shown, this stage 
corresponds with recrystallization * The first stage 

*In this paper, the term “recrystallization will be taken to 
mean a process, visible under the m croscope, in which a new set 
of grains replaces an old set by means of the motion of high angle 


grain boundaries. Any Annealing phenomena prior to this process 
will be termed recovery 


is presumably associated with some prerecrystalliza- 
tion recovery phenomenon. Since the two stages 
overlap, it is impossible to give a clear-cut represen- 
tation of the course of the separate heat effects in the 
intermediate region. In Fig. 6 (and subsequently in 
Figs. 7 through 10) the dashed extensions toward 
short times of the recrystallization stage heat evolu- 
tions were drawn by assuming that, in the early 
phases of a nucleation and growth phenomenon, the 
rate of transformation is proportional to some power! 
of the time. The positive slope sections of the second- 
stage curves were then extrapolated back according 
to this assumption, giving rise to the plotted dashed 
lines. 


Table |. Deformation of Bors Used for Tests 


Pet Deformational 
Elengatien. True Strain Werk Dene, 
Let Bar No LOO. « = milee) Cal per Gram-Atem 
A 4 17.7 414 
B 10 10.8 
B 8 17 9.1 
B 7 4 822 
B 9 99.5 115 


Similar studies were made on lot B after tensile 
deformations of 10.8, 17.5, 30.0, and 39.5 pct elonga- 
tion. The curves of heat evolution vs time for these 
annealing runs are presented in Figs. 7 through 10 
In Table II are list d energies in cal per gram-atom 
evolved during recovery, E,, during recrystallization, 
E,, and the totals, E; E, + E,, for each deforma- 
tion and annealing temperature. The same general 
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Fig. 5—Lood-extension curves of test bors 
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ON 
Fig. 6—Heot evolu f 
tion curves for lot A, 
17.7 pct elongation 
} 
ast 


features are evident for all deformations and all 
temperatures within the range investigated. Only 
the quantitative aspects of the phenomena change 
from curve to curve. For a given deformation, the 
two stages occur earlier and have higher maximum 
rates the higher the annealing temperature, but the 
energies released remain constant. As the deforma- 
tion is increased, the rates are greate! and the times 
shorter for a given annealing temperature, in addi- 
tion, the total energy evolved also increases. 

In order to calculate the total energies evolved, 
some estimate of the manner in which the recovery 
stage curves should be extrapolated back to zero 
time had to be made. This was done in a rough way by 
subtracting from the recovery stage curves the re 
crystallization heats indicated by the dashed lines in 
Figs. 6 through 10 and then attempting to fit the re- 
sulting curves to some mathematical law of be- 
havior. Because of the early onset of recry stalliza- 
tion at the higher temperatures and the low rates of 
heat evolution during recovery at the lower temper- 
atures, no really satisfactory fit could be found 
However, the data could be made to comply roughly 
with equations either of the type P ~ e™ or P 
(t + t.)", where m, n, and t. are constants, but was 
not good enough to determine w hich of the two equa- 
tions was generally characteristic of the recovery 
process. Since the recovery energies given by the use 
of these equations were quite small in all cases-——o!f 
the order of 0.2 cal per gram-atom 45 compared 
with from 2 to 6 cal for recrystallization the differ- 
ence between the energies obtained from either of the 
equations for a given run could be neglected. The 
values of E, given in Table II were obtained by an 
extrapolation using whichever of the two equations 
seemed to best fit the data of the run in question 
Although it is conceivable that the rates of heat 
evolution rise more steeply toward zero time than 
either of the previous two equations predict, the 
values of P near zero time would have to be of the 
order of a hundred times the highest observed rates 
to approximately double the recovery energies. Such 
high rates seem improbable Thus, it is felt that the 
recovery energies given in Table Il are correct, at 


~ 


least as to order of magnitude, and support the con- 
clusion that for the copper used the stored energy 
evolved was largely associated with recrystallization 

The stored energy released during the recrystal- 
lization stage is plotted as a function of W, the work 
done in deformation, in Fig. 11. The ratio of E, to W 
is shown also in the same figure. Points representing 
the values determined on both lots A and B are in- 
cluded in the figure, but since it was suspected that 
the purity of lot A was slightly different from that of 
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Table II. Energies Evolved During Annealing after Various Amounts of Deformation 


Defterms 
tenal Werk. Annesiing gE Ex Er = Ep + Ex 
Pet W. Cal per Tem peratere Cal per Cal per Cal per W. Er WwW. 
Lot Lh Grem-Atem Gram-Atem Gram-Atem Gram-Atem Pet Pet 
A 7.7 414 160 3.93 aa a9 10.22 
18) 1.51 3.66 8.47 8.4 
200 9 3.72 385 8 98 9.30 
2a 72 3.92 946 898 
# 2 18 2.22 241 11.10 12.05 
" 2.28 2.64 11.40 13.20 
26 2.25 2.51 11.24 12.55 
27 2.25 2.52 11.25 12.60 
5 189.7 2 44 3.67 8.79 9.38 
ise 7 3.60 9.20 9.71 
210.1 4 124 1.38 8.28 8 64 
Average is 143 3.62 8.76 
180.5 28 5 06 6.15 6.50 
be | 180.5 0.17 4.76 493 5.79 6.00 
189.7 0.22 4.73 495 5.76 6.02 
Average 25 47 " 5.78 6 08 
16.5 169.7 18 6.01 505 5.20 
a0 5 0.2 6.21 641 5.37 554 
Average ’ 6.02 621 5.21 5.37 
e curves are drawn on through the point The shapes of the curves in Fig. 11 suggest that the 
edure v idopted a f he egion below W 20 cal should be an interesting 
: Fis 12 and 17 yne to study, for the question arises as to whether! 
ay ited Fig. 11 and Table II, the stored when W decreases, E,/W continues to rise, goes 
‘ tion associated with recrysta ation through a maximum, or vanishes abruptly at some 
, 2.2 il per gram- finite value in accordance with the concept of a 
en the total deformation work done is 20.0 critical deformation” below which recrystallization 
f a t whe the total work i does not take place. If the recrystallization energies 
‘ ator It estimated that the here determined are plotted, as in Fig. 12, against 
e k wn to better tha ) pet the flow stress attained during deformation, it is 
W itl } i there was no apparent trend seen that a straight line can be drawn through the 
n th t i eners ‘ function points. Whether the straight line is justified is at 
in é within the ted tem- present still problematical, but at any rate it extra- 
. era idied ) i ven deformation polates to zero recrystallization stored energy at a 
The rat E, to W, howeve ecreast with i flow stress equivalent to an elongation of about 4 pct 
i " f t 0.12 to about 0.05 This could be interpreted as a critical deformation 
the e deformat inge. These facts are below which recrystallization will not take place 
the findi: that copper aturat A study of this deformation range is planned for the 
with ut high deformation near future. Some preliminary observations indicate 
: that at an elongation of about 8% pct, recrystalliza- 
tion is much slower than would be expected from the 
’ heat evolution curves reported here and that at 
about 5% pct elongation, no recrystallization takes 
, place at even quite high temperatures 
Isothermal Kinetics: The data of the recrystalliza- 
tion stage portions of the curves in Figs. 6 through 
10 have been replotted in Figs. 13 and 14 as the per- 
‘A entage of the recrystallization heat released vs time 
Fig. 7—Heet evolution curves for lot 8, 10.8 pct elongation 
- 
Fig. 8—Heot evolution curves for lot 8, 17.5 pct elongation Fig. 9—Heat evolution curves for lot B, 30.0 pct elongation 
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Fig. 10—Heat evolution curves for lot B, 39.5 pct elongation 


Such a procedure leads to the familiar sigmoidal iso- 
therms generally found to be associated with recrys- 
tallization. The two curves shown for 30.0 pct elonga- 
tion at 180.5°C give some idea of the reproducibility 
of the measurements. That the second-stage heat 
evolution actually does correspond virtually exactly 
with the appearance of the new microstructure 
during annealing was proved by making quantita- 
tive measurements of the percentage of recrystal- 
lization on annealed samples taken from the same 
deformed bars from which the calorimeter speci- 
mens were obtained. The annealing of these samples 
was carried out for appropriate periods in oi) baths, 
the temperatures of which were controlled to within 
+14°C of the corresponding temperatures used in 
the calorimeter. The percentage of recrystallization 
in the annealed samples was determined by point 
counting on electropolished sections employing 200 
to 400 Vickers microhardness impressions per sam- 
ple to distinguish between the recrystallized and 
unrecrystallized regions. This type of point counting 
was resorted to because observation under the micro- 
scope could differentiate recrystallized from un- 
recrystallized material only semiquantitatively due 
to the irregularity of the grain shapes, the complica- 
tion introduced by numerous annealing twins, and 
the lack of any large visual difference between the 
recrystallized and deformed grain sizes. The micro- 
hardness measurements, on the other hand, were 
clearly separated into two groups of hardness, each 
group showing a scatter approximating a normal 
frequency distribution. Measurements on as-de- 
formed samples gave hardnesses only within the 
higher hardness group, and, conversely, measure- 
ments on samples heated sufficiently long to give 
assurance of complete recrystallization showed only 
the softer group of readings. A further check of the 
validity of the microhardness point counting was 
made by spotting many impressions on regions in 
partially recrystallized samples which were clearly 
recognizable visually as either recrystallized or un- 
recrystallized. In every case the hardness fell with- 
in the appropriate hardness group. In addition, a 
check was made to see that recovery without recrys- 
tallization did not reduce the hardness. This was 
done by making microhardness readings on a sample 
which had been annealed for a length of time just 


‘ Fig. 11—Enmergy re- 
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Fig. 13—Percentage of recrystallization heat vs annealing time for 
lot A. Open circle points on 181.3°C curve are microhardness deter 
minations of percentage of recrystallization 


short of that necessary to initiate recrystallization 
The measurements on this sample showed no signifi- 
cant difference from those on the corresponding as- 
deformed specimen 

Microhardness point-counting measurements were 
made on three sets of annealed samples correspond 
ing respectively to the heat evolution runs for the 
lot A, 17.7 pet elongation, 181.3°C sample and the 
lot B, 10.8 pct elongation, 210.2°C and 39.5 pct elon- 
gation, 169.7°C samples. The hardness distribution- 
relative frequency relationships (normalized) fo: 
samples of the 10.8 pct, 210.2°C series, are shown 
in bar-graph form in Fig. 15. Included in this series 
are the hardness measurements for a completely 
recrystallized sample cut directly from the actual 
calorimeter specimen, for an as-deformed sample, 
and for a sample given a 1 hr anneal at 190°C in 
order to produce considerable recovery with no re- 
crystallization 

The results of the microhardness percentage of 
recrystallization measurements are represented in 
Figs. 13 and 14 by the open circle points superim- 
posed on the appropriate heat evolution curves. It is 
considered that these results establish beyond rea- 
sonable doubt that for all the heat curves presented, 
the second-stage heat effect is clearly associated with 
recrystallization. The displacement of any set of per- 
centage of recrystallization points from its corre- 
sponding heat curve is small enough to be largely 
accounted for by a deformation error of less than 
1 pet of elongation. This magnitude of deformation 
difference could have prevailed between samples 
from the same bar, as indicated previously 

It is found quite generally that recrystallization 
can be described as a nucleation and growth process 
in which the temperature dependence of the rate of 
nucleation and the rate of growth for a given de- 
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order rate process taking place entirely within re- 
gions which have already recovered. The prerequi- 
ite recovery is also considered a first-order rate 
I and an equation similar in form to Eq. 2 is 
derived for the fraction recrystallized vs annealing 
1e—without reference to a nucleation and growth 
concept. The exponent, k, in the Cook and Richards 
equation, however, is 2 and thus their treatment does 
not fit the present experimental data 

Activation Energies: The temperature dependence 
of the rate of recrystallization for a given deforma- 
tion can be derived from Eq. 2 and the Arrhenius 
equations giving the temperature dependence of the 
rates of nucleation and growth. The desired equation 


A exp ( ) [3] 


yrocess, 


where t, is the time to attain the fraction recrystal- 
ized, x, at the absolute temperature, T, A is the so- 
called “action” constant, and Q, is a quantity similar 
activation energy. Using the data from the 
curves in Figs. 13 and 14, values of Q, at 30, 40, 50, 
and 60 pct recrystallization for the several deforma- 
tions were calculated and are listed in Table IV 
Since no consistent trend in Q, as a function of per- 
centage of recrystallization was found, the values 
for each deformation were averaged and are listed 
i lé column of Table IV. A consideration of 
the experimental errors involved in arriving at these 
average Q,’s leads to the conciusion that the values 
for lot B at 17.5, 30.0, and 39.5 pct elongation may be 
considered to be identical, having a grand average of 
}0.421.5 keal per gram-atom. Thus, the activation 
energy for recrystallization appears to be independ- 
ent of deformation in the range 17.5 to 39.5 pct elon- 
ion, whereas over the same range the release of 
which may 


increases DY a 


stored energy during recrystallization 
be looked upon as the driving force 
factor of almost 2 from 3.43 to 6.02 cal per gram- 
atom. Q, at a deformation of 10.8 pct elongation, 
seems to be significantly greater than for 
e higher deformations. It would appear, therefore, 
the findings of Anderson and Mehl” for alumi- 
num, namely, that the activation energies for growth 


and, particularly, for nucleation increase rapidly at 
yw deformations, might have a counterpart in cop- 


at deformations of 10.8 pct elongation and below 


Table tll. k Values in the Equation x, 1 exp Bt") 


Let Pet Elengation k 

‘ 17.7 39 

B 10.8 3.1 

17.5 3.5 

4 30.0 38 

8 39.5 3.7 
The relatively low ave rage value of Q« found for 
the lot A copper—-26.5 kcal per gram-atom—may be 
explained on the basis either of a difference in purity 


between the two lots or a difference in their 


Size «et latior Since the best est 

these 1 sizes indicated a difference of onl: 

t re probable that lower impurity content 
accounts for the lower activation energy. Such a 


conclusion is consistent with the results of Decker 


1d Harker” in which the activation energy for 


recrystallization in spectroscopically pure copper 
in OFHC cx pper 
In view of the fact that growth of a new structure 


involves the motion of hig? 


was shown to be lower than that 


in recrystallization 
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angle grain boundaries, it seems possible that the 
atomic mechanism basic to recrystallization may be 
the same as that in grain boundary self-diffusion 
Thus, a comparison of the activation energies of re- 
crystallization and of grain boundary self-diffusion 
is of interest. Although the activation energy for 
grain boundary self-diffusion in copper has not been 
measured, the values for lattice self-diffusion in 
copper and for lattice and grain boundary self- 
diffusion in silver have been determined. These 
values are given in Table V. It is not unreasonable to 
expect from the general similarities of copper and 
silver that the ratio of the lattice to the 
boundary self-diffusion activation energies for cop- 
per will be about the same as that for silver. This 
would place the grain boundary self-diffusion acti- 
vation energy of copper at approximately 21 kcal 
per gram-atom, a figure which is appreciably lower 
than the lot B recrystallization values listed in Table 
IV, but is reasonably close to the value of 26.5 kcal 
per gram-atom found for the lot A copper 

Recovery vs Recrystallization Stored Energy: The 
stored energy evolved during the first, or recovery, 
stage of the annealing process (see Table II and 
Figs. 6 through 10) was found to be quite small in 
about 0.2+0.05 cal per gram-atom. This 


neans that only from 3 to 10 pct of the total stored 
energy evolution during annealing after room tem- 
perature deformation was released during recovery, 
the remainder being associated with recrystalliza- 


tion. If the results of stored energy evolution 
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all Cases 


meas- 


urements in deformed copper made by other investi- 
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Fig. 15—Microhardness distribution charts for somples annealed at 
210.2°C after 10.8 pct elongotion in tension 
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Fig. 16—Typicol plots of the recrystallizotion parameter, log 
1/1-x, ¥s annealing time 


little agreement on the relative importance of the 
recovery stage in the release of stored energy. A 
summary of the various investigators’ findings is 
given in Table VI along with some of the pertinent 
experimental details of their work. Suzuki,” Kan- 
and Stansbury” all indicate that essentially 


stored energy was released during recovery, 


all the 
although Kanzaki does not show his evidence fo! 
is statement, and the Stansbury data were put 
forth only as preliminary results in need of further 


n 
checking. The stored energy evolutions shown by 
Borelius 
that used in the present work, and from the shape 
of the isothermal curves there seems little doubt that 
all the energy measured was recovery energy. How- 
ever, the measurements were carried out at temper- 
atures (100°C) too low to reach the recrystalliz 
the experimental times, and a comparison 


were measured by a technique similar to 


ation 
stage in 
of the total emission of energy measured with the 
expected from the heavy reduction 
indicates that by far most of 


amount to be 
used in deformatior 
t+ 


the stored energy still remained in the metal a 
Thus the measurement 


el 
topped 
should be evaluated as 


the annealing was 
of Borelius revealing most 
of the stored energy to be associated with recrys- 
tallization. Clarebrough’ used two purities of copper; 
in both cases the major portion of the stored energy 
was released during 
E,/E, of recovery energy to recrystallization energy 
being much smaller for the purer material 

A search for the clue to the 
tween these investigations in evaluating the magni- 
tude of E,/E, revealed only one likely possibility 


recrystallization, the ratio 


discrepancies be- 


Table IV. Recrystallization Activation Energies 


Average 
Pet Gain Qa, 
Pet Reerystalli- Keal per Keals per 
Let Elengation sation Gram-Atem Gram-Atem 


240 
40 26.4 
A 17.7 50 266 26.5 
60 208 
35 
40 “M4 
B 108 50 35.2 “8 
60 363 
30 288 
= 40 24.8 
B 50 28 ¢ 28.7 
60 285 
20 31 
40 
50 32.0 31.7 
60 32.1 
310 
40 
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There seems to be a tendency for E,/E, to become 
maller the greater the degret f purity of the meta! 
ised Kanzak! coppe! wa 99.8 pct pure Fig 17—Recrysta! 
Suzuk was given as 99.96 pct Cu. 4 hese W ert the . ‘ae 
terials which gave very high values of E,/E,. On during recrystollize 
the other ! the copper used in the present wors tion 
was of the order of 99.999 pct pure, that f Borehu 4 é 8 
was ed as the “purest and Clare - 
re etive ~~ rhe of pace 4 this basis and with some available data from the 
E./E.. A comparison of Claret seh’s two coppe literature, they claimed a check of the equation 
nartion segestive in th eanect. for tht Eq. 4 was derived on the assumption that the 
99 on + batch gave E,/E , vhile the 99.988 tored energy E can be conside red to be distributed ; 
ve This of throughout n microscopic volume cells per unit 
he r volume of metal in a manner given by the Boltzman 
ion and & st { experiments to st idy equation, using E/n in place of kT. The validity of 
Cyaes~ ial this assumption is open to serious doubt because a 
— basic requirement of Boltzman statistics is that there 


be a continual interchange of energy between par- 
whereas the 


per Gram-Atom ticles as a result of thermal motion, 
existence of such an interchange between the nm 
volume cells is at least highly unlikely 


Table V. Activotion Energies for Diffusion, Kcal 


Grain Boundary 


Mets Lattice 
In spite of this conceptual difficulty, it seemed 
: \a + 202 worthwhile to check the form of Eq. 4 in view of the 
: availability of E values from the present work To 
do this required the measurement of grain sizes in 
Re = wre Size Stored Energy: Re- the completely recrystallized calorimetric samples 
: Walke and Marx” have derived Because of the difficulties mentioned before, 1t was 
' bed 4 phenomenological rela- not possible to get good absolute values of the 
ween the re ped grain size and desired grain sizes. However, if Eq. 4 is valid, a 
: ced ng recrystallization traight line relationship wili exist not only between 
3“ m f the form 1/E and log G, but also between 1/E and the log- 


( R exp (M/E) [4] arithm of any parameter proportional to G. Such a 
; parameter was | btained by X-ray means Back- 
fully electropolished cross- 


the tallized grain diameter, B and reflection pictures on care 
t f the storea energ the sectional surfaces of the calorimetric samples were 
fre tallization. Since at that time taken with a focusing technique and a diverging In- 
ited e and stored cident beam which allowed a proper size area of the 
ey tested their equation 0} sample to be covered to give an optimum number of 
‘ t as to the relationshi} spots on the (311) Debye ring. It was then assumed 
etu r the percentage of deformation. OU! that the number of spots on the ring with all the 


o—After b—After 17.5 pct 
elongation 


elongation 


c—After 300 d—After 39.5 pct 


microstructures of samples os recrystollized after vorrows tensile deformations 


Fig. 18-—Typical 
X150. Aree reduced approximetely 20 pct for reproduction 


Ammonium suiphide etch 
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Table VI. Measurements of Stored Energy in Deformed Copper, Various Investigators 


Deformation Cenditions 


Pertty of 
Cepper Tempera- 
Investigater Pet Type ture 
Suzuki? 99.96 Compression Room 
Kanzaki 99 8 Compression Room 
Stansbury Not given Swaging 0 to 30 
Clarebrough 199.967 Torsion Room 
+98 988 
Borelius* Purest Rolling Room 
availabie”™ 
This investi- 99.999 Tension Room 
gation nominal) 
°2 number of turns in torsion, d specimen diameter, and | 


Evidence 
Er Ex Recrystallisation 
Ameunt 


Very high Nardness and yield 


strength corre- 


5 to 55 pct reduc- 
tion in height 


lation 
40 to 70 pet reduc- 10:1 None 
ion in height 
reduc Very high Hardness 
area correlation 
13 Hardness ray 
05to3 2 1 20 metallographic 
but not shown 
Length doubled All None 
rex very 
10 to 40 pct 1/10 to 1/30 Quantitative pet 
elongation ecrystallizetion 


measurements 


gage length 


X-ray conditions held constant and equal areas 
used for all samples—was inversely proportional to 
the grain size. Actually, the quantity desired as G 
in Eq. 4 should be proportional to the number of 
nuclei activated during the recrystallization process, 
which quantity should be exclusive of the twins de- 
veloped during growth. Though some of the spots 
on the Debye ring were reflections from twins, it 
appeared from metallographic examination that the 
number of twins per grain was roughly constant 
from sample to sample, and thus the presence of the 
twins simply introduced a proportionality factor in 
the relationship between the significant grain size 
and the stored energy. The radiation used for the 
X-ray pictures was cobalt Kae. With this radiation, 
the effective penetration distance of the incident 
beam into the copper samples was less than the esti- 
mated average diameter of the smallest grains ex- 
amined. As a result, only the first surface layer of 
grains was examined and any possible nonlinearity 
in the grain size number of X-ray spots relationshiy 
due to absorption at different levels in the sample 
was eliminated 

In Fig. 17 a parameter linearly related to the re- 
ciprocal of the number of X-ray spots—and, there- 
fore to the grain size—is plotted on semilogarithmic 
coordinates against the reciprocal of the stored en- 
ergy released during recrystallization. For compari- 
son purposes photographs of the various recrystal- 
lized microstructures are shown in Fig. 18. The 
points in Fig. 17 include data on most of the calori- 
metric samples recrystallized after the different dc- 
formations and at several annealing temperatures 
A reasonably good straight line results. The form 
of Eq. 4 thus appears to be correct. In view of the 
remarks made previously concerning the derivation 
of the equation, however, the check with experiment 
may lack fundamental significance 


Summary 

An isothermal jacket microcalorimeter supple- 
mented by metallographic, microhardness, and 
X-ray measurements, has been used to study the 
isothermal annealing of high purity copper after 
room temperature tensile deformation. It has been 
found that the stored energy of deformation which is 
released during annealing is evolved in two over- 
lapping stages. The first stage has simple relaxation 
kinetics and is presumably associated with recovery 
The second stage has kinetics typical of a nucleation 
and growth process and has been shown to corres- 
pond with recrystallization. The reaction kinetics 
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of the recrystallization stage, as revealed by the 
stored energy evolution, has been evaluated in 
terms of the equation 


x — exp (— Br") 


where zx, is the fraction transformed in time t at 
constant temperature and B and k are constants 

The total stored energy evolution was found to 
vary from 2.5 to 6.2 cal per gram-atom as the de- 
formation was increased from 10.8 to 39.5 pct elon- 
gation. Most of this energy is released during 
recrystallization. The relative importance of the re- 
covery and recrystallization stages in the stored 
energy evolution has been discussed 

The ratio of the stored energy evolution to the 
deformational work done on the sample decreased 
with increasing deformation from about 0.13 to 0.05 
over the range studied 

Activation energies for the recrystallization stage 
have been calculated from the heat evolution curves 
and found to be essentially independent of deforma- 
tion in the range 17.5 to 39.5 pct elongation. At 10.8 
pet elongation, however, the value was slightly, but 
significantly, higher. The activation energies have 
been compared to those for lattice and grain bound- 
ary diffusion 

An evaluation has been given of a recently pro- 
posed phenomenological relationship between stored 
energy and recrystallized grain size 
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L the half-thickness of the sheet, and D the diffusion 


oefficient. Cm, the mean concentration at time is 
nt *n percentage in the thicker speci- 
rit ( ant surface concentration, Is the 
xy ger n the thinner specimen; Co is 
the of the original chromium sheet 
(f Co)/(Cs-Co) is calculated and the correspond- 
ng (Dt)/L is read from the graph and D thereby 
i ited 
By performing the experiment at two tempera- 
tures and plotting log D vs 1/T, the D for any tem- 
erature established (The activation energy for 


iiffusion may be obtained from the slope of the 


known as a function of temperature 


t a to estimate the correct reaction 
time f single specimens at other 


res by equating (Dt) t 


Darken'’ points out that this is 


ts value for 


effective saturation 


approximately unity 

The solubility of oxygen in chromium, as deter- 
mined fram the thin samples at each temperature 
proved to be approximately 0.03 pct at 1350°C and 
ess at lower temperatures. Due to low solubility 


and to the known difficulties of the vacuum fusion 
unge, the values obtained for D 


met? in this low 


(5x10° sq cm per sec at 1350°C) are estimated to be 


ect or within an order of magnitude. Never- 
theless, the method has proved useful in estimating 
reaction times. Its usefulness will be greater in 
metal-gas systems where the solubility is appreci- 
ible. A second function of the method is to permit 
the detern ation of diffusion coefficients in systems 
for which the nventional techniques are experi- 
mentally difficult or impossible 

4 9 eve 


TRANSACTIONS AIME 


Relationship Between Recovery and Recrystallization 


In Superpurity Aluminum 


The recovery and recrystallization characteristics of superpurity aluminum have 
been investigated using electrical resistivity, X-ray line breadth, and hardness meas- 
urements for the former and the micrographic method for the latter. The three 
different properties recover at different rates and have different activation energies. 
The recrystallization results agree well with Avrami's theory and furthermore indi- 
cate that the perfect subgrains formed during recovery are not the nuclei for re- 


crystallization. 


HEN a metal is plastically deformed, its 
physical and mechanical! properties generally 
undergo considerable changes and by subsequent 
annealing these changes are partly or wholly an- 
nihilated. Thus, a recovery process can be dis- 
cussed, taking this term in its general sense. In 
practice, however, there is reason to discriminate 
between two apparently different processes, one 
most easily followed at low temperatures, in which 
the properties return to an almost constant value 
between that of the cold worked and fully annealed 
material, and a second process in which the proper- 
ties return to their original values before cold 
working and which is accompanied by the formation 
and growth of new grains having an orientation 
different from that of the matrix. In this paper the 
word recovery will be taken to mean the changes 
in some property as a function of annealing time 
which occur either without the appearance of new 
grains or under conditions such that the new re- 
crystallized grains are very small (= 2 microns), 
are very few in number, and substantially do not 
affect the property being measured. This definition 
is rather abitrary, for it will depend upon the sensi- 
tivity of the technique used for the observation of 
new recrystallized grains, which in the present work 
was about 1 to 2 microns. However, it is helpful to 
use the term recovery in this sense and to reserve 
the term recrystallization for the processes of nucle- 
ation and growth of new grains in the cold worked 
matrix 
Although considerable work has been done on re- 
covery and recrystallization, most workers have 
based their study on the measurement of one or per- 
haps two parameters. Since very small amounts of 
impurities have such a profound effect on the re- 
crystallization characteristics of a pure metal, it 
becomes extremely difficult to correlate one piece 
of work with another. With this in mind, the present 
work on recovery and recrystallization was done on 
the same material 
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Experimental Procedure 

Material Used and Fabrication: The composition 
of the superpurity aluminum used throughout this 
investigation was 0.002 pct Cu, 0.003 pct Fe, 0.003 
pet Si, and <0.001 pct Mg. The ingot was hot rolled 
to 0.250 in., annealed, and cold rolled to 0.034 in. A 
large number of reductions and intermediate anneals 
were carried out so as to produce material with a 
minimum of preferred orientation and maximum 
homogeneity. For the recovery part of the investi- 
gation, the final cold reduction was 20 and 80 pct 
and for the recrystallization part, 20 pet. After each 
pass in the cold rolling process, the material was 
quenched in cold water in order to keep the rolling 
temperature as near room temperature as possible 

Annealing Procedure: For the recrysta!lization 
work, specimens 1x1 in. were cut from the 0.034 in 
cold rolled sheet and a hole was drilled in each 
through which a wire was threaded to support it in 
the salt bath. The temperature of the salt bath was 
controlled to +2°C and the time taken for a speci- 
men to reach temperature was approximately 5 sec 
These 1 in. squares were then divided into three 
groups, one of which was given 5 min at 318°C and 
another 2 hr at 244°C. These treatments were such 
that recovery was almost complete and a well de- 
fined subgrain structure produced. Separate speci- 
mens of each group were annealed for different 
times at 301°, 318°, 355°, and 373°C, Le., three 
specimens for each annealing time. The delay be- 
tween finish of cold working and start of annealing 
was about | hr 

For the recovery work, strips 0.062 in. thick were 
cut from the cold worked sheet, annealed, and then 
given the last cold rolling operation. This was done 
for each annealing temperature. By this means it 
mize the delay between cold 


was possible to mi 
working and annealing. In general, all measure- 
ments were carried out within 1 hr of the last cold 
rolling operation. Annealing at low temperatures 
was done in an oil bath the temperature of which 
was maintained constant to =1°C 

Electrical Resistivity Measurements: Strips 
20x0.5x0.05 in. were machined and the electrical 
resistance measured using a Kelvin double bridge 
Measurements were made in an oil bath maintained 
at 20+0.1°C. The same specimen was used for the 
complete isothermal annealing curve 
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an 
Vy & re ymar 
* 
inet 
x 
4 


Density Meas Specimens 4x1 42x0.05 in 
it 14 g, were weighed in air and water, 


srements 


weighing at 


precautions being taken to deaerate the water and 
prevent the formation of air bubble n the speci- 
men surface. With a 59 g sample, the standard error 
ising tf technique has been found to be 0.0002 
g pe cm. With the lighter samplk ised here 
the standard error would be ghtly larger 


Measured X-Ray Half-Peak Breadth: Separate 


ample were annealed for different times at con- 
tant temperature and after annealing were heavily 
etched to remove the heavily deformed skin. Back- 
reflection Laue photographs were taken using un- 
filtered ppe adiation and a continuously rotating 
filry rhe exy ire time varied, being greater for 
iv ked than f ecovered specimens, Dut was 
ijusted to give the required line density. A trace 
f the ) K f was obtained using a Leeds 
i Northruy le tomete und the half-peak 
it? lete mined Ir me Cast Wa it nec* ary t 
‘ the lia eflectior nce the erlap 
A 
H ‘ Test The Vt f eacl ecimen Wa 
y KE ine test 
te na ‘ me 
nm ¢ 
Vf ple were 
rd tched electro- 
pet 2 
nod if) tr bed pre- 
the na 
A i ea ght 
ch 
I let 
; phs were 
tior f X50 
| 
- 


Fig Fractional change of electrical resistiwity shown as a 
function of onneaiing time tor superpurity aluminum cold worked 
20 pct Symbols represent voriows anneciing temperotures: tri 


angles, 74°C, circles, 100°C; ond squores, 127°C 


j 
. . 
‘ 
we 


Fig. 2—Frectional change of half-peck breadth is shown as ao func 
thon of annecling time for superpurity alummum cold worked 20 pct 
Symbols represent voriows annealing temperctures open circles 
281°C; triangles, 250°C; squores, 2)0°C; and filled circles, 100°C 
Note change of scale for 100°C anneol 
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and analyzed by the method described by Anderson 
and Mehl.’ 
Results 

Recovery—In all cases the fractional change in 
the property being measured has been taken as a 
asure of the amount of recovery. This fractional 
hange is given by (P P,)/(P P,.), where P, is 
the value directly after cold working, P, is the value 
t, and P, is the value for completely recrys- 
tallized material 
Electrical Resistivity Measurements: The total 
hange in electrical resistivity brought about by 20 
ct cold reduction was 0.25 pct. The fractional 
hange in electrical resistivity as a function of an- 
nealing time at 74°, 100°, and 127°C is given in Fig 

Measurements were continued after much longer 
annealing times than shown in Fig. 1 but in all cases 
there was no further change in electrical resistivity 
Only part of the increase in resistivity due to cold 


me 


t time 


working is recovered during low temperature an- 
wealing and the amount recovered increases slightly 
with temperature. By plotting the logarithm of the 
reciprocal of the time for complete recovery against 
rocal of the annealing temperature T°K, an 
ictivation energy of 7,700+100 cal per gram-atom 
was obtained. If, however, times such that 50 pct 
ss had taken place were used, 


the recit 


f the recovery proce 
higher value was obtained—15,500 cal per gram- 
atom. Seitz’ recently described the increase in elec- 
trical resistivity after cold working in terms of an 
number of vacancies. If this is the 
old work should decrease the density. A 


mple calculation shows that if it is assumed that 


ncrease in the 


the complete increase in electrical resistivity is due 
then for aluminum the density of 
vacancies would be about 3.8x10" per cu cm, giving 
i density change of U.006 pct which is smaller than 
yuld be measured. To check this, some density 


Fig. 3—Times and temperotures are given for recovery of 
X-ray lime breadth for superpurity aluminum cold worked 20 
and 80 pct. Symbols represent percentage of cold work 
circles, 20 pct; and triangles, 80 pct 
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Table |. Recovery of Superpurity Aluminum Cold Worked 20 and 80 Pct 


Time fer 

Time for Complete Recovery, Min Appearance 
of New Re- 
Annealing Electrical X-Ray Line Breadth Hardness crystallised 
Tempera- Resistivity. Grains, Min. 
tere, °C 26 Pet CW* 26 Pet CW* Pet CW Pet CW* 80 Pet CW* Pet CW" 

74 26.5 

100 12.0 120,000 —_ 

127 6.0 _ 

210 100 

225 40 230 

250 48 25 590 52 480 

281 8 5.5 100 24 60 

301 10 

318 2 

Activation energy, cal 
per gram-atom 7700+ 100 22,400+ 2000 20,000> 5000 31,800+2600 22.500+>2400 


* CW stands for cold worked 


measurements were done on the cold worked, re- 
covered, and fully recrystallized material. No sig- 
nificant differences were found between any of the 
samples, the values all lying between 2.6984 and 
2.6990 g per cu cm. 

X-Ray Half-Peak Breadth Measurements: Iso- 
thermal annealing curves for material cold worked 
20 pct are shown in Fig. 2. Similar curves were 
obtained for material cold worked 80 pct, the final 
steady value being the same as that for 20 pct cold 
work. The half-peak breadth of the (333) Ka, line was 
12.6’ of are for fully recrystallized material and 42.8 
and 54.6’ of arc after cold working 20 and 80 pct, 
respectively. About 47 and 57 pct of the line broad- 
ening in material cold rolled 20 and 80 pct, re- 
spectively, is recovered during annealing for tem- 
peratures and times such that no recrystallization 
has commenced. Furthermore, the magnitude of this 
recovery within the experimental error is indepen- 
dent of temperature. The activation energy plot is 
shown in Fig. 3. The slopes of the straight lines are 
independent of the amount of recovery and the aver- 
age slope gives an activation energy of 22,4002 2000 
and 20,000+:5000 cal per gram-atom for 20 and 80 
pet cold work, respectively 

Hardness Measurements: Isothermal annealing 
curves for material cold worked 20 pct are shown in 
Fig. 4. Similar curves were obtained for materia! 
cold worked 80 pct except that the recovery times 
if the fully recrystallized 


were smaller. The Vhn 
material was 14.2 and directly after cold working 
was 28.8 and 42.2 for 20 and 80 pct cold work, 
respectively. Only 30 to 40 pct softening occurs 
during recovery and, in agreement with previous 
work,** this is independent of the amount of cold 
work. The final steady hardness value, however, in- 
creases with cold work and decreasing annealing 


temperature. Activation energy plots of the com- 
plete recovery times gave activation energies of 
32,100+500 and 22,500+2400 cal per gram-atom for 


20 and 80 pct, respectively. As was the case wit! 
the X-ray half-peak breadth, the activation energy 
was almost independent of the amount of recovery 

Table I gives a summary of the recovery times 
and the activation energies for the different proc- 
esses. Also included in Table I is the time taken for 
the appearance of new recrystallized grains. It will 
be seen that new recrystallized grains first appear 
just before recovery of hardness is complete. It 
might be thought that these new recrystallized 
grains would have an effect on the hardness, but it 


must be remembered that at this stage they are very 
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small (1 to 2 microns) and are very few in number 

possibly three or four could be seen in 1 sq in 

Metallographic Examination: Substructures simi- 
lar to those described previously’ were observed 
directly after cold working. The subgrain size, | 
to 2 microns, was about the same for 20 and 80 pct 
cold work. However, subgrains and deformation 
bands were much more easily seen in material cold 
worked 80 pct than in that cold worked 20 pct. On 
annealing, the structures became much sharper, and 
after annealing times such that the X-ray line 
breadth had recovered, the deformation bands could 
be seen to be split into subgrains, Fig. 5. As the an- 
nealing time increased, further deformation bands 
became split up and by the time the hardness had 
fully recovered, most areas showed a well defined 
equiaxed subgrain structure, as seen in Fig. 6. Even 
after these long annealing times, a large number of 
grains still showed no substructure. With increased 
annealing times, there was no apparent sign of sub- 
grain growth, the only observable difference being 
an increase in contrast between adjacent subgrains 
The subgrain size increased slightly with increasing 
temperature (see Figs. 7 and 8) and decreased with 
increasing amounts of cold work (see Figs. 5 through 
7 and 9) 

Kinetics of Recovery: From the results given so 
far, it is clear that recovery is not a single process as 


in the classical picture of recrystallization. The three 


propertiec tudied recove at different rates, the rate 
of recovery decreasing in the order: electrical re 


istivitv, X-ray line breadth, and hardness. Similar 
results were obtained by Tammann’ for cold worked 


iron and more recently A. H. Lutts and P. A. Beck 


Fig. 4—Fractional change of hordness is shown os o function of 
annealing time for superpurity aluminum cold worked 20 pct. Sym 
bols represent vorious onneoling temperotures: squores, 247°C; 
circles, 281°C; encircled crosses, 301°C; and triangles. 318°C 
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are 
wt 


Fig. 6—Superpurity 
aluminum wos cold 
worked 20 pct and 
ennecled for 11 he 


Fig 5—Superpurity 
cluminum wos cold 
worked 20 pct and 
annecied for | hr of 


250°C Specimen t ot 250°C. Specimen 
was etched in 73 pct a= : . was etched in 73 pct 
4.0, 25 oct HNO H.O, 25 pct HNO, 
and 2 pet HF at and 2 pct HF at 
50°C and photo ) 50°C and photo- 
graphed with phase _~ graphed with phase 
contrast x1000 contrast x1000. 
Area reduced ap Area reduced ap- 


proximately 35 pct 
for reproduction 


proximately 35 pct 


for reproduction 


r 
> 


Fig) 7—Superpurity aluminum wos cold Fig. 8&—Superpurity aluminum was cold Fig. 9—Superpurity aluminum was cold 
worked 20 pct and annealed for 2 days at worked 20 pct and annealed for 45 min at worked 80 pct and annealed for 1 hr at 
250°C. Specimen was etched in 73 pct HO, 318°C. Specimen was etched in 73 pct H.O, 250°C. Specimen was etched in 73 pct H,0, 
25 pct HNO. ond 2 pct HF at 50°C and 25 pct HNO, and 2 pct HF ot 50°C and 25 pct HNO, ond 2 pct HF at 50°C and 
photographed with phase ntrost. X1000 photographed with phase contrast. X1000. photographed with phase contrast. X1000 
Area reduced approx. 35 pct for reproduction. Areo reduced approx. 35 pct for reproduction. Area reduced approx. 35 pct for reproduction 


ri \ i worked alumi and also for material which had been recovered for 
recovel 2 hr at 244°C and 5 min at 318°C. After these two 

very treatments, well defined subgrains were 

esult ere i ed t ee if they visible and it will be seen from Table II that both 
i by Cook these treatments are such that the line breadth was 

i by Cottrell fully recovered and that recovery of the hardness 

e author was almost complete. Actual measurements after 

It was these two recovery treatments are given in Table II 

could Measurement of Percentage of Recrystallization 

he type Fig. 11 shows the isothermal recrystallization curves 

Betterid for superpurity aluminum cold worked 20 pct both 


with and without prior recovery. It is clear that 
within the experimental error, recovery annealing 
} , prior to recrystallization has had no effect. As shown 


Recrystallization — Th f tl part of the 
‘ ite t) ‘ s 
‘ 
X50. he maxi- §: 
air 
f re 
ated and Fig. 10—Theoretical recovery curves are plotted. Section A shows 
curve for superpurity aluminum cold worked 20 pct ond annealed ot 
1 2.6602 1/0.00165) + Curve B is for 
wa n superpurity aluminum cold worked 20 pct and anneoled at 100°C 
ve ns we ed. tsotherma! 1/(B-30 1/121) + 0.00069% Curve C is for superpurity 
innealing ve were determined at 318 aluminum cold worked 80 pct and annealed at 280°C. 1/(H-33) 
5 and 375°C for materia 1 worked 20 pet 1/9.2) + 0.110¢ 
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wa 
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Fig. 11—isotherma! recrystallization 2 
curves are plotted for superpurity alumi- < 
num cold worked 20 pct. Triangles rep- iy 
resent specimens annealed directly after @ so 
cola working; squares, specimens recov- 
ered 2 hr at 244°C before annealing; and 7 
circles, specimens recovered 5 min at dls 
318°C before annealing 


ANNEALING TIME (MINS 


linear and then the rate of growth decreases be- 
cause of impingement with other grains. It will be 
seen from Figs. 13 t ] 


Table Il. Measurements of Holf-Peak Breadth and Hardness after 


Recovery Treatments hrough 15 that the departure 


1 linearity occurs at very small amounts of total 


Half-Peak Breadth 


recrystallizati 3 pet i it seems rather 
crystallization ( pe ) and it seems ratt 
doubtful that at this level of recrystallization there 
wet 228 29 will be impingement. It is interesting to note that 
Cold worked 20 pet; 2 hr at 244°¢ 29 24 all the curves extrapolate back to zero time, thus 
indicating that under the conditions investigated oo 
there is no incubation period. Prior recovery ap- 
for (re was sew for crouns of re. 
before,’ there was a tendency for grouy f new re pears to have no significant effect on the rate of 
etallizve to for rather rat nes 
crystallized grair form rather than separate on growth which is in agreement with the observations 
and furthermor the forme nreferent 1] t 
and, furthermore, these fo! i preferentially at the of Muller’ and Kornfeld and Pavlov.” Similarly 
srain ri No » ne y » ge of 
grain boundaries. Fig. 12 shows the percentage of Reiter” found that strain aging of low carbon steel 
softening plotted against the percentage of recrys- has no influence on the rate of growth G 
os len lidec rec < on 
tallization. This graph also includes the result The growth rate measurements are summarized 
of a previous’ investigatior so that it is in Table IV 
made up from results on material cold worked dif- 


ferent amounts from 20 to 60 pct and annealed at 


Table 1V. Measurements of Growth Rate G for Superpurity 


various temperatures in the range 301° to 375°C 
Aluminum Cold Worked 20 Pct 
As shown before,’ the softening is more rapid in 
the early stages of recrystallization because re- 
Annealing Leong Gy, Shert 
covery and recrystallization are proceeding together Temperature Direction Direction 
Once recovery is complete, there is a linear relation- 
ship between the percentage of softening and per- 
centage of recrystallization, as would be expected on 318 82x10 41x 
2 2 6x 
statistical ground Itis aq clear that n eading = . On 
results will be obtained if the hardness is taken as a 
linear function of percentage of recrystallization f 


: ant strain, the dependence of G upon 
Activation energy plots were made at various de- 


f +} nperature has been described by the relation 
grees o recry alization tne Tresuits are given in 


2 
Table III. It will be seen that none of the values G Ge L2] 
given in Table III are significantly different, result- Fig. 16 shows log G as a function of 1/T from which 7 
ing in an average value of 64,800+ 2000 cal per gram- a value of 55,400+8800 cal per gram-atom and a 
atom. In previous work,’ a figure of 56,000 cal per 1.3x10" cm per sec is obtained for Q, and G.,, respec fans 
gram-atom was obtained for a slightly higher purity tively. These values are in quite good agreement Fo. 
aluminum cold worked 20 pct with the values of 55,000 cal per gram-atom and : 
Measurement of Growth Rate: Figs. 13 through 15x10 cm pe! ec obtained by Anderson and 7 
15 show the variation in maximum diameter of the Mehl’ for high purity aluminurn (99.95 pct) strained 
largest unimpinged grain with annealing time for 15 pet. Turnbull” has recently derived the following Le 
samples cold worked 20 pct, annealed directly afte: equation relating G,, the constant in Eq. 2, with the 
cold working. and annealed after two different re- imy distance of aton in diffusion a. the energy f 
covery treatments. Similar curve were obtained tored in the lattice t old workir iF, and the 7 
for the minimum diameter. It commonly supposed entropy of activation for grain boundary migration 
that the growth of new recrystallized grains is (aS,) 
kT AF 
Table Activation Energies for Recrystallization RT 
where k and h ar toltzmann and Planck's con- 
Pet Reerys Activation Energy where ana ire Bc Zz! and Planck m 
tallization Cal per Gram-Atem stant respectiv Assuming that the driving 
force for recrvsta zation of the same order of 
10 a5. 704 60 magn tude as the energy tored during cold work- 
5 62 4 x ng, the author will take for AF the value of 21.6 cal 7 
300 per gram-atom found by Kansaki” for 99.9 pct Al 4 
compressed 60 pet This is a reasonable assumption, “4 
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| 
| 
Fig. 12 Percentage of softening is shown as a function of the 
percentage of recrystollization for superpurity aluminum Symbols 
represent: open triangles, cold rolled 20 pct and annealed at Fig. 14—Diameter of the largest grain (long direction) is shown as 
318°C; open circles, cold rolled 20 pct ond annealed ot 355°C a function of annealing time at 318°C. Triangles represent speci- 
encircled crosses, cold rolled 20 pct and annealed at 375°C, dota men annealed directly after cold working; circles, specimen recov- 
token from previous work; filled triangles, cold rolled 40 pct and ered 5 min at 318°C before annealing; and squares, recovered 2 hr 
onnecied at 375°C, deta taken trom previous work, filled circles at 244°C before annealing 
d rolled 60 pct and annealed at 350°C, data taken from previ 
ws work, squores, cold rolled 60 pct and annealed at 375°C, doto 
token from previows work; half-filled circles, cold rolled 20 pct and 
annealed at 375°C; and inverted open triangles, cold rolled 20 pct | 
nd annealed at 301°C ee | 
ao} 
> 
: 
¥ vw 


Fig. 15—Diameter of the largest grain (long direction) is shown as 


a function of annealing time. Filled circles represent specimen 
! onneoled at 373°C directly after cold working; triangles, specimen 
= : onnecled at 355°C directly after cold working; open circles, speci 
“ men recovered 5 min ot 318°C before annealing at 355°C; and 
Fig Diameter of the lorgest grain (long direction) is shown as squares, specimen recovered 2 hr at 244°C before annealing at 
ty nealing tim 3° Triangles represent spec: 355°C 
jirectty rt i working and rcles, specimen re 7? rement et nar Rate of N cleation \ The 
ot 318°C before annealing N a very ilt and time-con- 
oct f three dimer nal recrystalliza- 
eu tion. Howeve and Pt working with 
} Ked ppe 1 that the at o! 
| 
{ ‘ nh ca poet Init Vv iurme t 
per unit ea wa iimost con- 
trie te tnevy nvestigate | wr ct 
t that f 1 qualitative compa! n it is suffi- 
t ire tf na ate f nucleatior The 
: bn f new lr per sq cm is shown as a 
net f th thm of the annealing time i 
5 ‘ nnealed directly after cold 
Kil i after tw lifferent recovery treatment 
I rig 7 that ecovery has had 
. f nt effect on the number of grains per sq 
f t é t no effect on the rate of nuclea- 
‘ It ectir mote the lecrease m the 
f wh h has ccurred fte ng 
1 . r ! " time t 355° and 373°C. Tt as can be 
t ' ee! hica be ise of primary grain . 
act wth within tl ‘ ysta ed areas. Witl wel 
I ter ture ich as 301 und 318°C, the 
; I } f prima i wt! not sufficient to give 
' wu ‘ that th lecrease but such that it counterbalances the 
tf act te tf f new grains and so the number 
\ t constant It is clear, there- 
nt I t? my the wr = ised for the 
‘ iff n would t f ‘ ment of the -recrystallized grain size must take 
for compa t the rate of primary grain growth into consideration 
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Table V. Comparison of Energy, Entropy, and Free Energy of Activation in Self-Diffusion 
and Grain Boundary Migration for Aluminum 


Temperature Go Cm 

Strain Range, °C per Sec 

4 pet’ 425 to 54 45x10 

5 pet? 10 to 370 15x10" 
20 pct cold reductior 310 to 375 1L3xulkt 


\S, Cal per Q, Keal per 
Degree, Gram-Atem Gram-Atem per Gram-Atem 
(S84) Q Fa) 
2.2 34 305 17.2 
60.7 37.5 59 32.0 21.8 
50.5 55.4 32.0 


as well as the rate of nucleation N and rate of 
growth G 

In order to determine the rate of nucleation, en- 
larged linear piots were made of the number of new 
grains per sq cm vs the annealing time. The slope 
of the resultant curve at any time period, divided 
by the fractional area of unrecrystallized matrix at 


the same time period, then gave the rate of nuclea- 


8 shows a typical linear plot of the 
w recrystallized grains as a function of 
annealing time for 318°¢ In th graph the three 


points for each annealing t 

been averaged. For all annealing temperatures the 
number of grains was, within the experimental 
error, a linear function of annealing time up to the 
time for about 30 pct recrystallization and extra- 
polated back t zero time Thus these results con- 
firm those of the grain growth measurements in that 
under the condition used there is no incubation 
period The ite of nuciea n N as a function of 
annealing time hown in F 19 and 20. N in- 
creast htly wit! innealir time and then de- 
creast hary it about 10 pct recrystallizatior 
From these curve t appears that rec tallizatior 
has started f m the ve f t tance which indi- 
cates that the germ nucle embry ire ¢ eady 
present in the cold worked material. The shapes of 
the nucleation time curves are very different from 
those found by Anderson and Mehl’ and Reiter” for 
the recrystallization of hghtly luminun 
and low carbon steel, respectively n and 
Mehl, however, did some work on heavily led 
aluminum (90 pct reduction) and concluded that the 
rate of nucleatior N now eithe 4 Maximum at 
short annealing times or steadily decreases from the 
beginning. The only other work which has been 
done on heavily cold worked material using the 
micrographic technique is that of Phillips and Pt 
lips mm coppe The I ind that the ite of nuciea- 
tion decreased with time milar to that shown ir 
Figs. 19 and 20. Unfortunate the measurement 
of N did not extend back to the early stages of re- 
cI tall ator the f st point on the curve being it 
about 10 pet re ta a T It clear from Fig 
17 that pri ecovery has exerted no influence or 


at different temperatur: Othe ker mn th 
field have compared N at \ is temperatures for a 
constant percentage of ret tallization and have 
found that N can be expressed as a function of tem- 
perature the equat 
N Nu [5 
[i 
Thus by plotting log N against the reciprocal of the 
absolute temperature Q, can be determined. Fig lf 
shows this plot for N at 5 pct recrystallization from 


which a value of 62,500>2800 cal per gram-aton 
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obtained for Q,. This is slightly larger than the 
value of 53,500 cal per gram-atom found by Ander- 
that the 
activation energies for nucleation and growth, Q, 
and Q,., are not significantly different. Burke and 
Turnbull,” in their discussion of recrystallizatio: 
conclude that if Q Q., the as-recrystallized grain 
size should be independent of temperature. This was 
found’ to be the case for superpurity aluminum in 
the temperature range 350° to 400°C 

Kinetics of Recrystallization A very full and 
complete discussion of the kinetics of recrystalliza- 
tion has been given by Burke and and 


son and Mehl However, it will be seen 


rnbull 


there is no need to review these here. Johnson and 
Mehl” and Avrami”™ have presented equations based 
yn the nucleation and growth hypothesis. Both 


theories lead to the following equation 

Ln {G.G,G (t r)'Ndr [6] 
where x is the fraction recrystallized n time tf 
G, G,G,. are the rates of growth in 2 /, and dires 


tions, r is the nucleatior period and N is the rate of 


The Johnson and Mehl and Avrami treatment 


liffer nly n their a impt ons a to how N y le 
with time. Johnson and Mehl say that this must be 

f 

‘ 


Fig. 16—Log G and log N are shown os o function of 1/T 
in _recrystollizetion of superpurity oluminum cold worked 20 
pct. Symbols represent: filled circles and dotted line, rote of 
nucleation N; open circles, G, long direction; and triangles, 
G, short direction 
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nu 
| 
| 4 
> | ‘ 
| 
z | 
the rate of nucleation 
Since the rat f nucleation N sensitive func- | ; est 
| 
4 ‘ ‘ ‘ J 
; 
id 


, let i by experiment and hown by Stamey where n is the probability of formation of growth 
ind Met to be of the form N ae Che y wu nucik Avrami then goes on to show that the num- 
equ , ent the autt : ts where ber of growth nuclei N’ at any time t is given by 


N’ = N (1-e™) 


small values of t gives 


‘ tallized matrix a certair N’ Nnt [9] 
n be f eferred 1 eatior te which, 1 ex Thu n the early stages of recrystallization, the 
ul t be suitably oriented subgrains or re- number of new grains will be linear with t and then 
high strain, During ré¢ t tion, t lecrease rapidly. This theory seems to fit the 
tes art ed up by becomuir t wth nuci¢ author’s results very well; see Fig. 18 
und ti igh being consumed by 5 wth of new r¢ Avrami now substitutes Eq. 7 in Eq. 6 and as- 
ed grair Let the numbe f germ nuck imes G G, G. and arrives at the following 
i be N. As stated previously, these eneral equation for the kinetics of ret rystallization 
ised Ut tw way Some l-e-7"* [10] 
He then shows that, for polyhedral growth, k lies 
= t if between 3 and 4 depending upon whether n ts large 
format ait. oi - mall. respectively. If the new grains are plate- 
é t time — t all ke. then k lies between 2 and 3 and if growth is one 
‘ . limensional, } es between 1 and 2 for n large 
thie ‘ ‘ mall, respectively To determine the constants 
' n Eq. 10 loglog 1/(1-x) was plotted against log t; 
good straight lines are obtained 
| j 7 : Fig. 17—Number of new recrystallized 
/ groins is shown as a function of annealing 
/ / / time for superpurity aluminum cold 
4 — worked 20 pct. Triangles represent spec: 
. men annealed directly after cold work 
7 ing; squares, specimen recovered 2 hr at 
244°C before annealing; and circles, 
| J 7 f+ specimen recovered 5 min at 318°C be 
tore annealing 
Fig. 18—Number of new re 
crystallized grains is shown as 
o function of anneoling time 
for superpurity aluminum cold 
| worked 20 pct and annealed ot 
318°C 
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ther ease harply at about 10 pct recrys- 
vhich 


Fig. 19—Rete of nucleation is plotted as a function of annealing 
time ot 301° and 318°C 


error in x will give a very large error in the func- 


tion loglog 1/(1-x). The slopes of these lines are 


f k iving between 


almost the same, giving values ¢« 
1.40 and 1.43. Using thes values of K and aiso Vai- 
ues of B derived from Fig. 2 


21, the percentage of re- 
rystallization was calculated and is shown plotted 


in Fig. 22 together with the experimental points 


The agreement between the experimental and cal- 


culated values is very good up to about 80 pct re- 


crvstallization, this corresponding to the departure 
7 


from linearity in Fig. 21 
Two alternative theories fo the Kinet of re- 
crystallization which are both independent of .\ and 
G have been proposed by Krupkowski and Balick 
il d Cook and R chards Bott the ‘ lead to equa- 
tions of the ame kind as Avram ‘s with } l and 
2. Clearly neither of these can be applied te 
the author’s results Thorley, using the same 
hypothesis as Cook and Richards but without mak- 
ing any assumptions, has given the following equa- 
tion 
+——(e*-1) (11 
1-2 B 
where i and 8 are constants The variations of A 


git I the t and second stage ot tne ecry al- 
lizatior Thorley consid that the first stage 
recovery. If t is large, « UV and Eq 11 becomes 


Ln - - A(t-t.) [12] 


a typical plot being 


ting iog i/(i-z) against 


shown in Fig. 23. Using these values of A and £ the 


percentage of recry stallization was calculated and 1 
shown plotted together with the experimenta: po nts 
in Fig. 24. As in previous work,’ the agreement be- 
tween the calculated and experimental points | 


very good except for a slight discrepancy 
the end of the recrystallization process 
Log A and log t were plotted against the re« 
pro al of the absolut 
64.800+400 and 63,600+2900 cal per gram-atom 
were obtained for P and Q, respectively. For com- 


son. Table VI gives a summary of the activation 


e temperature and values of 


par 
energies determined during this investigation 


energy for recovery P, determined from Thorley’ 
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It will be seen from Table VI that the activation 


> 
z 


Fig. 20—Rate of nucleation is plotted as a function of annealing 
time at 355° and 373°C 


equation, does not agree with the activation energ) 
of any of the recovery processes studied. Varley” 
claims to have shown that, fo commercial purity 
luminum cold worked 75 pct, the activation energy 
for recovery and recrystallization are the same This 


does not invalidate the author’s results because in 
an earlier paper’ it has been shown that superpurity 
aluminum cold worked 80 pct gives an activation 
energy for recrystallization of about 36,000 cal per 
gram-atom, which is not too dissimilar from the 
activation energy for the recovery of hardness; se« 
Table I Thus the activation energies for recovery 
and recrystallization will be similar for high amounts 
of cold work but very different at low amount 


It is interesting to note that P has a value imila 


to that for nucleation. A similar correspondence was 
found by Phillips and Phillips” for copper. Alth igh 
Thorley’s equation can be fitted to the re ults, the 
theoretical basis on which it is derived; breaks down 
on three count I—the equation describing re- 
covery as a first order rate process does not fit the 
author’s recovery results, 2—the so-called activa- 
tion energy for recovery P is in wide disagreement 
with the determined activation energies for re- 
covery, and 3—prior recovery has no influence on 


Table VI. Activation Energies for Recovery and Recrystallizotion of 
Superpurity Aluminum Cold Worked 20 Pci 


Activation Energy 


Property Measured Cal per Gram-Atem 


Rate of 

Rate of A 


Discussion of Results 


The results of this work have hown that re- 
covery id recrystallization are two distinct proc 
esses. although the two may overlap each other to 


a certain exten 
For discussing the ecovery proces it will be 


convenient to take the X-ray line broadening result 


first st, it can be fely assumed that the broad- 
ening observed throug? it thi worr jue to strain 
for partick ize great than 1 micron will not 


be effective in this respect. Hall and Williamson™ * 
have investigated the shapes and intensities of 
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» | A 
j 
/ 
/ 
| - © 
\ 
2 — 
- 
‘ ‘ ‘ ind 
4 hs P and © are the tivation ener- pt = 
Elect Resistance—recovet 7,700-+ 10 
where t A and £ were determined by plot- x et ecove 22.4002-31 Pie: 
p 
“wg 
Re 
po 
4 


Fig. 21—Loglog 1/(1-x) is plotted against 
log t 


A. | 
= 
Fig. 22—Theoretical tsothermal annealing 
curves are derived from Avromi's equo 
tion: x e* 
| 
00.000 
ANNEALING TIME MIN 
f ‘ ed alu and ise of increasing subgrair e. It should be noted 
" 7 F that. although the ne breadth is recovered before 
| the rf ime ic ble ftening has occurred by 
‘ i t? time that tne ne breadth has fully recovered 
tl ndicating that the major part of the softening 
t edistribut mn of disiocatior 
, iit I bservation that the contrast between sub- 
it? ich greater afte ecovery than d ectly 
é r t ld, U ifter « i worku iggests that the orientation dif- 
it ference betwee wijacent subgrains increases dur- 
t if cove i yould be expected if dislocations 
hich would be ne locked in the subgrain boundaries. Further- 
it the present work suggests that the onentation 
t t K Lifts nce betwee! subgrain lirectly after cold 
i A ne 2U ft t th nm 50 pct cold 
that f tior Recent work on polygor tior ndicates that low 
il e naarie wit! in entat lifference be- 
t 1 et adjacent ains of less than 1 ire very mo- 
t bile Tt mot tv decreases with increasing orien- 
ve tat iifrerence intil wit! in omentation d fference 
‘ re bout the mot t ncreast with ther 
t ncreas¢ r onmentat lifference It s therefore 
t ble that with 20 pct cold work the mobility of 
f The th ibgrain boundaries directly after cold working 
ft e€ ex ! eater than with 80 pct cold work. This explains 
t? it ‘ t t the we ipbgrair ze with 20 pct than with 80 pct 
t ' th ft annealing After annealing however, the 
i : ‘ t entatior lifference ncreas thu reducing the 
tt At t? tre the IDE ilf DO la and the eby 
what w ‘ ‘ t i iif ex nir the tat ty of subgrain s on furthe 
fused i} ocd ng 
The | ine : 1 worked mat é The increase in electrical resistivity which is 
ve vA t tior ight about Dy cola has been described 
it ‘ tte the nm terry of disiocatior ind vacanci The relative 
hard: ‘ with pre- effects these tw factor! are far from clear at the 
\ cold work be ‘ f th ne size present tin Howeve the present work shows that 
und should de ase pct of the electrical resistance is recovered very 
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much more quickly than line breadth and hardness, 
¢ 


diffusion of dislocations 


both of which involve the 
For example, at 100°C the electrical resistivity 1s 
A 


lir 


min. while the line breadth 


fully recovered in 


takes 120,000 min. This suggests that the part of the 
i 


electrical resistance which is recovered during low i 


temperature annealing is due to vacancies or va- /* 
cancy pairs either forming into aggregates Guring Fig. 23—Log 1/(1-x) ts 
annealing. which are sufficiently large to produce plotted asa function of 
less scattering than single vacancies, or by diffusing t for superpurity alu so} , 
minum cold worked 20 
and becoming trapped at high angle grain boundaries 
These results strongly indicate that after recovery pet one ennecled at 

ult gly indicate that alter! ry 301°C 
most of the strain energy produced by cold working t Fs 
still remains. This agrees with the findings ol! ‘ 
Borelius et al.” that only a small fraction (+4 pct) 
of the stored energy is released during recovery The / 
residual stored energy left after recovery is the ..- 
driving force for recrystallization 

The recrystallization results agree very well with WNEALING TIME (M 

Avrami’s theory” except that the determined value 
of 1.4 for k is lower than would be expected work on the release of stored energy in aluminum 1s 
figure however agrees with previous work that of Kanzaki It would appear from Kanzaki's 
values of k varying between 1.1 and 1.6 we! curves that the major part of the stored energy 1s 
tained for superpurity aluminum and superpurity eleased luring recrystallizatior 
base Al-Mg alloys cold worked 20 to 60 pct. Laurent rhe present results suggest that the germ nuclei 
and Batisse have analyzed the esulit I tne! are present in the coid wt rked metal. It is not pos- 
workers on the basis of Avrami's theory and finds ble to say what these are; they may be certain 
that for a wide variety of conditions ke fc aluminum ibgrains whicl are suitably oriented to becom 
lies between 1 and 1 7. The only exception seems to growth nuclei or certain regions of high lattice 
be the value of 4.5 to 7.5 fi mad by At jerson and curvature. As discussed previously, the latter seem 
Mehl’ for lightly strained aluminum. There is, how- more likely. The fact that there is no effect of priot 
ever, an inconsistenc y between Anderson and Mehl’s ecovery suggests that if subgrains are germ nucle! 
results using the micrographi¢ tech! 1e and those perfection of these ibgrains is not nect ary for 
of Laurent and Batisse ising hardness measure- them to become growth nu lei 
ments. Both groups of Wass sea i w te! eee Discussion of this paper, if any, will appear i 
strains; yet the former found k between 4.5 to 7.5 Journat or METALS, May 1956, and in AIME Metal 
and the latter, 1.65 to 2. Apart from these incor - Branch Transactions, Vol. 206, 1956 
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Fig. 2—(110 
pole figure 6 
for chromium 
reduced 80 pct 
et 600°C 
Ideal orento 
troms are ind: 
cated as fol 


lows: squere 
100 
ond triangle 


1H) [192 


tion at 1200°C for 15 min 


Annealing Textures of Chromium 


this ingot was rolled at 600°C as 
30 pet reductions were made with in- 
ls at 1200°C for min. Rolling 


[100] of the columnar grains in 


om 


tc 
iv 


llowing the final anneal, an 


ti was taken at 600 *. The final sheet 
as ten mils. By polishing and etching, the 
as reduced to four mils and the grain 
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